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PREFACE. 



Tab Origin of Mountain-Ranges is a problem tliat has 
interested geologists eyer unce^the structure of the crust 
of the Earth has b&n* sy^tl^nmHcally studied. Notwith- 
standing this^ I know of no work in the English language 
devoted entirely to a consideration of this important subject, 
or containing what may be considered a systematic theory 
of mountain-building. The line of geological thought in 
this country has hitherto run more in stratigraphical than 
dynamical grooves. The American geologists^ forced into 
contact with the stupendous mechanical problems presented 
by the geology of their continent and great mountain- 
ranges^ have devoted considerable practical attention to 
dynamical geology. Stilly scattered through the works of 
the great masters of geology who have flourished in our 
own country are to be found the germs of most true 
geological reasonings dynamical and otherwise. 

An attempt such as mine to provide a systematic treatise 
will probably be considered an ambitious one. Whether 
the theory here presented to the geological world be the 
true one or not will hardly be determined by such a 
consideration. The true test, as of everything geological, 
is time; and if it be fotind that the views here set forth 
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best explain the manifold aspects of Nature^ and otherwise 
meet the conditions of the problem, the ideas will live ; if 
not, they may still survive as partial truths. 

In the mean time I have thought that the presentation 
of the subject in as complete and practical a form as is 
possible to me at the present time would have its value, 
and this must partly be my excuse for publishing. 

Throughout the book I have attempted to do justice, by 
means of extracts and notes and references, to previous 
workers in the same field. This is perhaps the most difficult 
duty of a scientific author; and if in this particular I have 
failed, as I feel that I must have done in many cases, I 
trust it will be attributed to nothing more than inadvertence. 

Such are the rapid strides with which our favourite study 
advances that, although the writing of this work has been 
continuous, I have constantly had to refer in footnotes to 
important work done, even since the type has been set up. 

The subject is in many respects difficult and even abstruse. 
To render the information more readily available, and to 
enable the reader to grasp the ideas in the concrete, I have 
taken some pains to illustrate the text. The sketches of 
scenery have in every case been drawn from Nature, and 
generally during my holiday rambles. The shaded views 
are ink-photos of sepia-drawings prepared by me from the 
original sketches. The line-drawings, both of scenery 
and structure, are photo-lithographs from drawings I have 
specially prepared for this work, and also are in all cases 
from Nature. Some of the illustrations, as will be seen 
by the descriptions, are reproductions from reports published 
by the United States Geological Survey and the Second 
Geological Survey of Pennsylvania; the remainder of the 
diagrams and maps are mostly from my own drawings. 



It now becomes my pleasant duty to thank those who 
haye^ daring the progress of the work, afforded me aid 
and sympathy. To Prof. Powell, Mr. M^Gee, Prof. Lesley, 
and the Goyeraments they represent, my best thanks are 
due for the presentation of various important reports on 
the Greology of the United States, and for permission to use 
the maps and sections. From the Liverpool Free Public 
Library Committee, and Mr. Cowell, their librarian, I 
have received important help through the loan of valuable 
works of reference, and even to the extent of their adding 
to the Library at my suggestion. With thanks to these 
gentlemen and numerous kind friends, I conclude, for the 
present, work which, though arduous, has at the same 
time been as pleasant as it was engrossing. 



T. MELLAED EEADE, 



Park Comer, BlundellBands, 
IdTerpool, 

Sept 30ch, 1886. 
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ORIGIN OF MOUNTAm-RANGES. 



CHAPTER I. 

VARIABILITY IN THE TEMPERATURE OF THE CRUST 
OF THE EARTH, AND ITS CAUSE. 

It has been long known that^ as the crust of the Earth 
is penetrated^ the temperature increases with the depth. 
Attempts have been made to educe a uniform rate of 
increase from the varied observations that have been made^ 
but hitherto^ I think^ with no great amount of success. The 
temperature, we may say. universally increases with the 
dep^, whether it be below the frozen soU of Siberia or in 
the regions of the torrid zone ; but the rate of increase is 
inconstant^ even taking into account the varying degrees of 
conductibility of the rocks penetrated. 

It appears to be inconstant even in the same bore-hole ; 
and in places not far apart the rate of increase varies con- 
siderably. Thus the rate of increase at Astley Pit^ Duckin- 
field, Cheshire^ was, on the average, 1° for every 83*2 feet for 
a depth of 685 yards ; while similar experiments at Rose 
Bridge Collieries, Ince, near Wigan, for a depth of 815 yards, 
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2 TEMPERATURE OF THE EARTH'S CRUST ; 

gave an average increase of 1° in every 54*3 feet*. In some 
of the Paris artesian wells the increase was found to be 1^ for 
every 50 to 60 feet ; while the great well of La Chapelle, at 
Paris^ showed^ to a depth of 600 metres^ an average increase 
of 1^ in 94'3 feetf. In experiments made at Przibram^ in 
Bohemia^ by Herr Johann Grimm, Director of the School 
of Mines, in a depth of 1900 feet there was an increase of 
V in every 135 feet. The experiments at the Mont Cenis 
Tunnel show an increase of 1^ in 93 feet, without correction 
for the convexity of the ground. 

The deepest artesian well in the world is one at Pesth, 
which had reached 951 metres when last reported upon, and 
yielded water at a temperature of 161° P. Unless we know 
the depth of the stratum from which this water was derived, 
it would be impossible to arrive at the rate of increase ; but 
if this temperature was that of the rocks not much lower 
than the bottom of the bore, the increase would be as much 
as 1° for every 30 feet. 

Professor Lebour, in reviewing the present state of our 
knowledge of underground temperature, gives a table of 
observed increases of temperature in various localities, 57 in 
all, in which the range is from 28*1 feet in Anzin, in the 
north of France, to 157'2 feet in the Minas Geraes Mines in 
Brazil, for every degree Fahrenheit. 

Allowing for all the difSculties which beset observations 
of this character, I think it will be conceded that the range 
of increase varies very considerably in different localities and 
areas of the Earth's crust. That these existing variations 
hav6 been constant in time throughout these areas would 
scarcely be maintained by any one. If not, it follows that 
fluctuations of temperature occur in the solid crust of the 
Earth. That the rates of increase of heat vary during geolo- 

* BritiBh Association Report on Undergroond Temperature, 1870, 
pp 81, S2. 
t Ibid. 1878, p. 258. 



ITS VARIABILITY AND CAUSE. 8 

gical time for Tarious localities would seem an obyious 
tmth^ even leaving out of accoimt those greater revolutions 
of the Earth's surface by which seas have become lands and 
lands seas. 

Accepting as an inference of high probability that the 
increase of heat^ whatever the rate^ progresses downwards 
until the temperature of molten matter— or matter that 
would be molten if freed firom the superincumbent pres- 
sure — is reached^ so enormous a reservoir of heat lies below, 
that it would seem puerile to doubt that the extremely thin 
cooled crust must respond to internal changes of tempe- 
rature that in all probability take place in the enormous 
mass of heated interior rock. 

But it is unnecessary to rest this thesis on surmise and 
supposition. Volcanic activity shows that such redistribution 
and changes in the heat of the interior as the solid crust is 
approached are constantly, if with extreme slowness, taking 
place. Even if we concede Mallet's view, which I am by no 
means prepared to do, that volcanic heat is a secondary 
product, a conversion of the mechanical energy of a col- 
lapsing crust, the fluctuation of heat in the outer envelope is 
admitted, if accounted for in another way. It is, however, 
rather unfortunate for the theory that, in the actual investi- 
gation of the structure of mountains, no one has yet been 
able to trace any apparent connexion between the pressure 
to which the rocks have been subjected and the volcanic 
activity accompanying mountain-building. 

For instance, the enormous forces which have (as so clearly 
shown by Dr. Callaway, Professor Lapworth, and the officers 
of the Geological Survey *) folded the strata of the Northern 
Highlands in such a way as to superimpose Archaean Gneiss 
upon Silurian rocks, so as to deceive even the practised eye 

• "The Newer Gneiasic Rocks of the Northern Highlands," Dr. Cal- 
laway, Q. J. G. S. 1883, pp. 365-422. *' The Secret of the mghlands," 
Pio£ Lapworth, Geol. Mag. 1883, pp. 120, 194, 387. " The Ciystalline 

b2 
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of a Murchison as to their succession^ have not developed 
heat sufficient to melt any of the beds in question. Enor- 
mous ruptures of the strata have taken place^ beds being 
driven over beds for miles; rocks have been ground to 
powder^ yet none of them^ so far as we know^ have been 
thereby fiised. Volcanic activity accompanies these terrific 
but slow displays of force^ as we shall see as the subject 
develops itself. But no direct connexion between the pres- 
sure and fusion has yet been pointed out. In all cases the 
molten rock has welled up from great depths below the 
compressed materials of the mountain range. In other cases 
we find great displays of volcanic activity, such as Professor 
Judd so graphically describes in the basal wrecks of volcanic 
cones in the islands of Midi and Skye ^, unaccompanied with 
anything like the amount of folding, pressure, aud contortion 
that we find in the rocks of the Northern Highlands. 

And here it may be as well to point out that the amount 
of lateral compression or shortening of the strata at the 
surface must, on the theory of a collapsing crust, be a 
measure of the mechanical energy which has been developed. 
Hence it follows, that if the volcanoes of Mull and Skye 
were due to tangential strains accumulating in those locali- 
ties, the enormously greater strains to which the Archaean 
and Silurian rocks of the Highlands were subjected should 
have reduced most of these rocks to a state of ^ion. This 
the pressure has not done ; therefore we must seek another 
explanation of volcanic activity. 

But in Mr. Mallet^s ingenious theory there lies another 
difficulty, of a sort we can contemplate without appealing to 
geology. It is evident that a collapsing crust cannot develop 

Rocks of the Scottish EQghlands/' by Dr. A. Geikie and Messrs. Peach 
and Home, ' Nature,' Nov. 13, 1884, pp. 29-35. <• The Geology of Durness 
and Eriboll/' by B. N. Peach and J. Home, British Association Report, 
1885. 
• *< The Secondary Rocks of Scotland," Q. J. G. S. 1878, pp. 660-743. 
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more heat tlian is due to the distance it falls through ; hence^ 
taking the crust as a whole and supposing the entire mecha- 
nical effect to be converted into heat^ for every contraction 
of the radius of the Earth of 772 feet only sufficient heat 
would be generated to raise the mass of the falling crust 
5^ Fahr. It is true^ if the total heat were concentrated on 
certain limited points or Unes^ the point of fusion would be 
reached ; but it appears to me that^ in the enormous period 
required for a shortening of the Earth's radius by 772 feet, 
the whole of the secondary heat derived in this way would 
be dispersed into space. If^ in addition to this^ we consider 
how much of the mechanical energy would be dissipated in 
other work than that of heat-producing, we may form a con- 
ception, without appeal to mathematics, of the utter inade- 
quacy of such derivative heat to accoimt for the enormous 
volcanic activities which geology shows us have been deve- 
loped during the history of the Earth. 

If, on the other hand, we assume, as we have ^Eur grounds 
to do, that at a depth of about 30 miles the interior of the 
Earth reaches a temperature sufficient to melt rock (if it 
were at the surface), say 3000°, we find that this heated 
inner spheroid to the crust above bears the proportion of 
about 43 to 1. 

It does not enter into the scope of this work to specu- 
late upon the caiMe of this internal heat. Its existence 
is accepted, and that it is subject to local fluctuations 
seems a reasonable supposition. Even if we admit that 
the Earth is solid from the circumference to the core, 
considering the multifarious materials and elements of which 
it is composed — ^judging by the crust — slow chemical inter- 
changes, accompanied by increase or decrease of heat, must 
have been taking place during past geological time. 

Unless we accept Mallet's theory in its entirety, volcanic 
activity cannot but be due to fluctuating and differential 
heating of the layers of heated rock lying immediately below 
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the cooler crust. That this heated matter responds to 
changes slowly taking place on the crust itself it will be my 
object to show. 

So many and great have been the difficulties connected 
with the contractional hypothesis^ that several eminent geo- 
logists and physicists have assumed that a layer of molten 
matter lies between the solid outer shell and a solid inner 
spheroid. In this molten cushion is sought the flexibility 
supposed to be necessary to account for the plications and 
foldings which^ more than crushings^ we find in the solid 
crust. While a collapsing solid shelly floating on a more 
or less evenly distributed intercalated zone of molten rock^ 
is hypothetically postulated by many geologists^ and among 
others by no less an authority than Professor Prestwich *, 
Mr. Osmund Fisher t, following out the theory to its logical 
conclusions^ supports his mountain-ranges by floatation in a 
simila^ zone of heavier matter. 

Speculations such as tbese^ if we keep id view their hypo- 
thetical nature^ are perfectly legitimate. What we cannot 
ascertain by direct experiment we desire to reason upon 
in another way. Some eminent astronomers and physicists 
tell us^ however^ that^ the Earth is as rigid as steely or at least 
glass^ from the surface to the centre I ; and Professor Dana 
says, *' Moreover I am led by the conflicting views of the best 
authorities with regard to the condition of the Earth's inte- 
rior to hold very loosely to any theory of mountain-making. 
We wait for the physicists who believe in a solid Earth to 
give us a theory which will have in view all the geological 
facts ''§. 

* * Geology, Chemical and Physicaly' p. 216. 

t * Physics of the Earth's Crust/ pp. 146, 147. Archdeacon Ptatt is 
quoted in support of this view. 

{ See Sir Wm. Thomson, British Assoc. Rep. 1876, and G. H. Darwin, 
PhiL Trans. 1879, part 1. 

{ American Journal of Sciencei April 1885, p. 887, no. 172, vol. 



ITS VARIABILITY AND CAUSE. 7 

That there is no incompatibility between the assumption 
of a solid spheroid and the known facts of geology I haye, 
approaching the question by an independent line of investi- 
gation^ satisfied myself. Nay, I am prepared to go a step 
farther, and to maintain that such an hypothesis best satisfies 
all the conditions of the phenomena of our globe looked at 
from a geological standpoint. 

If we assume a solid heated interior, the solidity must be 
due to the pressure of superincumbent matter. If by any 
changes in the crust this pressure should be su£Sciently 
relieved, it wiU follow that the heated matter will assume 
the molten form. Here, at present, I must break off, leaving 
the further explanation to grow out of the investigations of 
the facts of G^logy to be recorded in future chapters. 



CHAPTER II. 

EFFECTS OF DIFFERENTIAL HEATING ON THE 

EARTHS CRUST. 

Leaving for a time the question of the solidity of our planet, 
let us consider what effect a local change of temperature 
would have on the Earth^s crust. For the sake of the argu- 
ment, I will ask the reader to grant me the fluctuations of 
temperature required. That such fluctuations really take 
place again and again will become clearer as we proceed. 
Progress is, however, only obtained by steps, and I do not 
seek a final assent to any proposition until the whole line of 
reasoning is laid bare. 

The average rate of increase of heat deducible from the 
57 examples given by Prof. Lebour is 1° Fahr. per 64*28 feet 
of descent. Professor Everett thinks 1° per 56 feet nearer 
the mean. 

Professor Prestwich, by an elaborate series of calculations 
and corrections, arrives at from 45 to 50 feet as the mean 
increase of temperature for the whole globe *. 

Whether the observed rates of increase frx)m the several 
localities in Prof. Lebour's schedule would be maintained at the 
same rates at greater depths can only be a matter of surmise. 
The rate may either increase or decrease. The observations 
are necessarily so limited in range of depth, and so liable to 
error, that it has been impossible to establish either one 
proposition or the other. For the sake of this inquiry we 

* ' Chemical and Phymcal Geology,' p. 414. 
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• 

mil take an increase 1^ Fahr. per 60 feet and a mean of 50^ 
temperature at the surface. At this rate the temperature of 
8000° Fahr. would be reached at a depth of 33^ miles. The 
temperature of lava^ as it issues from Vesuvius^ is not less 
than 2000^ Fahr.^^ and'probably much more. If we therefore 
assume 30 miles thickness of crust, the surface-temperature 
being 50^^ and the base shading off into rock approaching the 
melting-pointy we shall probably not form a very incorrect 
notion of what actually exists. But from the observations 
recorded we may fairly and legitimately assume also that this 
potentially melted rock does not lie everywhere at the same 
depth below the surface. At some places it may be much 
deeper^ at others considerably less. It seems to me strain- 
ing at a harmony that does not exist in nature to exclude 
the evidence of observations ranging considerably on either 
side of this assumed mean, and attributing the difference to 
errors incidental to the mode in which the observations were 
made. 

Let us further assume that in one area of the globe the 
temperature-plane of 3000^ Fahr. was in times past situated at 
a depth of 35 miles, and that by internal changes it gradually 
rose to within 25 miles of the surface f. Discarding for the 
moment the effect on the lower 10 miles of rocky matter, 
what influence would the change have upon the upper 
25 miles of crust ? It would be this : the strata at 25 miles 
deep would be raised in temperature 857°. The mean tem- 
perature of the surface would remain that due to the latitude 
and local conditions, or at all events only change to the 
extent that the climate had changed during the time that 
had elapsed. The intermediate zones of rock would be 
raised in temperature in proportion to the depth ; the mean 
increase for the whole 25 miles being 428°'5. But the rock 

* A. Geikie, ' Text-book of Geology/ p. 227. 

t The surflEice temperature; for the sake of simplicity, is assumed to be 
zero. 
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cannot change in temperature without also changing in 
volume. 

According to a series of experiments I have myself made 
on various kinds of rock^ I estimate the mean linear ex- 
pansion of rocks composing the Earth's crust at 2*77 feet 
per mile for every 100^ Fahr. Assuming that this holds good 
throughout tlte range of temperature of the whole 25 miles 
of rocky crusty the mean expansion of every component 
cubic mile so affected would be 11*869 feet on every side of 
the cube. That is, the linear dimensions of the cubic mile 
would increase ^Jtj, and its volume jj^, so that every 148 
cubic miles of original matter would become 149 cubic miles. 
If the area of the Earth's crust so affected measured 500 miles 
by 500 miles, the crust 25 miles thick heated to a mean of 
428^*5 Fahr. would increase in volume to the extent of 
42,230 cubic miles. 

These figures will at first sight no doubt look well-nigh 
incredible, but it is a simple calculation that any one can test 
for himself. 

We must now ask ourselves what would take place from 
this enormous increase of volume in the solid crust. 

In nature the form of the mass acted upon by such a 
change of temperature would most likely be lenticular, but 
this would not affect the argument, as the 500x500x25 
miles must be taken as representative of the volume of the 
crust of the earth so affected, whatever its form. 

It is evident, on very little consideration, that this mass of 
rock cannot expand laterally, for in that case it would dis- 
place the crust of the earth surrounding the affected area; 
nor downwards, for that would displace the solid foundations 
of the Earth itself. It is only free to expand upwards. We 
may therefore take it that the lateral increase of volume will 
be transformed into an upward one. The lower strata would 
expand the most, the surface would not expand at all. The 
behaviour of the crust under these conditions would depend 
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on the nature of the strata affected. If the beds were com- 
paratively thin^ they would become folded and packed together 
in a more or less vertical position. The internal strain would 
have the most effect in the region of greatest expansion, and 
the packing of the strata in this locus would ridge up the 
surface and burst it along the lines of greatest weakness, for 
the surface layers would be unaffected by the subterranean 
heat. 

The foregoing is but a crude illustration for the purpose 
of conveying to the reader some of the elementary and fun- 
damental principles upon which this inquiry into mountain- 
building is based. In the following chapter I shall detail 
some of the experiments I have made, with the view of 
establishing additional facts necessary for the construction 
and development of the theory. 



CHAPTER m. 

MECHANICAL EFFECTS OF EXPANSION BY HEAT ON 

VARIOUS MATERIALS, AS KNOWN THROUGH 

COMMON EXPERIENCE. 

Probably no one is unaware of the fact that if hot water is 
suddenly poured into a glass or porcelain vessel^ it is very 
likely to crack. This is due to internal strains developed 
through the expansion of the inside of the vessel^ while the 
exterior rigidly retains the original dimensions. 

It is^ however^ perhaps only known to a few that a vessel 
formed of a more ductile material^ such as lead^ if repeatedly 
heated and cooled, permanently increases in size with every 
such operation. 

It is evident from these two simple examples that the 
effect of expansion by heat is governed largely by the nature 
of the materials acted upon. Any practical man who has 
had experience of the setting of boilers, the building of 
chimneys, or the erection of kilns, knows that the effect of 
such heat as they are subjected to is very destructive of the 
structure. It arises from two causes: first, the unequal 
expansion of the heated interior compared with the cooler 
exterior; and, second, the low tensile strength of brick- 
work. The heated interior brick-work expanding ruptures 
the exterior, which expands less. This effect does not follow 
from one operation, but through repeated heatings and cool- 
ings. At every heating the brickwork is moved, but in a 
way imperceptible to the eye^ and it does not recover its 
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original dimensions on cooling. The accumulated results of 
these internal movements soon, however, become sensible by 
rifts in the brickwork. To counteract these destructive 
forces, it is usual to bind the brickwork together with iron 
rods or hoops, which, having a high tensile strength, hold 
the work more firmly together *. 

Engineers know that the effect of expansion in metal-work 
has to be carefully guarded against by arranging the materials 
in such a way that they can have free play. For instance, a 
line of hot- water pipes for heating a building requires, even 
though never rising above a temperature of 212° Fahr., con- 
siderable play, and has to be fitted in places with what are 
called expansion-joints, otherwise the pipes would fracture or 
the ordinary joints leak. The great iron tubes across the 
Menai Straits rest upon rollers, or they would tear the 
structure to pieces even by the variations of atmospheric 
temperature. 

Mr. Jas. Mansergh, M.I.C.E., describes in the ' Engineer ' 
(Nov. 14th, 1884, p. 378) a remarkable and curious instance 
of the expansion of railway metals through the heat of the 
sun: — 

'^ Rails known as BarloVs rails, 11 to 12 inches broad at 
the base, forming their own sleepers, were temporarily laid 
across an embankment, being firmly ^ fished up ' or bolted 
together with saddle-pieces on the underside of the rail, the 

* '' Herr Eckhartz has expressed his opinion that the cause of crevices 
being formed in chimneys is the difference of temperature between the 
inner and outer surfaces. While in many cases in an ordinary factory 
chimney the mantle has internally a temperature of nearly 600^ Fahr., 
the external temperature is only about 60*^ on an average ; the difference 
of extension which is thus occasioned producing the cracks referred to. 
He dwells upon the use of iron hooping, and remarks that its object and 
result are not, strictly speaking, the prevention of extension, but rather the 
attaining in the outer brick- work of a uniform distribution of the tension 
and the prevention of its concentration at certain points.'' (* Builder,' 
March 17, 1888, p. 362.) 
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gauge being kept by angle iron ties^ grooves being cnt in the 
bank to receive them. On one very hot day about 2 f.m.^ as 
Mr. Mansergh was riding down the line, he was very much 
surprised to find in two places the rails ' up in the air.' '* 
''The first rise was 2 feet 9 inches above the bank in the 
centre, and 8 metals were off the ground ; the second rise 
was 2 feet 3 inches, and 6 lengths were off the ground/' 
The lengths of these '' anticlinals " corresponded respectively 
to 192 feet and 144 feet. 

Mr. Mansergh adds : — '' I presume that this bit of road had 
been riveted up early some unusually cold morning, and was 
therefore abnormally short. When the heat expanded the 
metal, the angle ties were held fast in the hard baked grooves, 
and the rails had no alternative but to set their backs up as 
we have seen ttiem. They gradually settled down into their 
places as the evening came on.'' A lateral movement was 
also observed. '' I had firequently noticed, when riding on 
the engine in the early morning, a clear space of ^ inch to 
I inch between the outside rail of a curve and the fine sand 
ballast packed against its side, caused no doubt by the road 
having worked over laterally so as to lengthen itself during 
the heat of the day, and come back again at night." 

Mr. B. Baker, C.E., in a paper on the Forth Bridge (British 
Association Report, 1882) gives several very instructive exam, 
pies of the effects of expansion and contraction in engineering 
structures. He states that on a hot sunny day the '' Bri- 
tannia Tube was f oimd to warp 3 inches laterally and 2^ inches 
vertically where free to move." '' Stone buildings and arches 
are ho exception to the rule ; indeed the author, from instances 
that have come under his own knowledge, is satisfied that the 
stresses due to changes of temperature are often relatively far 
more severe in stone than in iron arches." '' In the South- 
wark Bridge grooves had to be cut in the masonry to admit 
of the free expansion of the cast-iron spandrils, which had 
been fractured in several instances, though the arch was 
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only 240 feet span and the spandrils were not continnons 
across the piers/' In the ease of a gasworks roof, *^ which 
had fallen down like a pack of cards, he had traced the 
cause of the accident unmistakably to the expansion of the 
iron slate-battens, which were exposed to exceptionally high 
temperature at times/' Mr. Baker considers that 12^ cor- 
responds to a ton per square inch stress. (Pp. 429-30.) 

But not alone in large structures is it necessary to guard 
against expansion and contraction. In laying small sheets 
of lead or zinc the metal must be left free to move, or it will 
quickly rupture by changes of temperature. Hence in all 
good roof- work, if of lead or zinc, soldered joints are rigidly 
excluded. Notwithstanding all these precautions, one has 
only to examine an old lead roof to find it covered with 
ridges and puckers. These ridges arise from the accumukted 
small superficial expansions which imperceptibly affect the 
lead, as Mr. Mansergh's rails were affected; but the low 
tensile strength and ductility of the metal will not allow it 
to regain its form by contraction. The anticlinal ridges, 
instead of being the result of one heating, as is the case of 
the railway metals, are the accumulated effects of many 
hundreds of such movements. 

It is, however, in vessels lined with lead that the most 
perfect example of this class of distortion occurs, for the lead 
in such cases has very little play. Who has not noticed the 
ridges on an old bath lined with lead ? 

A most interesting illustration of the accumulated results 
of small movements taking place from day to day in materials 
of a ductile nature, subjected to frequent changes of tempe- 
rature, is the bottom of a butler's pantry sink, of which I 
give an Ink-photo, Plate YI. p. 28. The alternate expansions 
and contractions in this case have been due to the ordinary 
alternations of hot and cold water to which such vessels are 
subject, continued over a period of nine years. The ridge 
appears to have worked out from under the two taps as a 
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centre^ and the resultant crescentic fold is as perfect as any 
anticlinal in nature. 

But such movements as these are not confined to metals^ 
Mr. C. M. Bums^ as quoted by Dr. Alexis A. Julien, in a 
paper " On the Decay of Building Stones of New York city,'* * 
describing a slab of white marble-yeneering 2 inches thick, 
on the face of St. Mark's, Venice, situated ''on the south 
side of the northernmost of the five portals just behind the 
columns, and about 5 feet from the pavement.'' Dr. Julien 
says : — ''The slab is 11 feet and 2 inches long and 1 foot and 
6 inches wide ; it is hung to the backing by copper hooks 
driven into the brickwork, but the lower part, for a distance 
of 5 feet and 7 inches, bulges out 2} inches from the back- 
ing." In the words of Mr. Bums : — ^" The exposure is directly 
westward, and I found that it became decidedly warm in the 
afternoon sun, while the backing would be likely to keep its 
temperature lower. Though the outer surface is somewhat 
weatherworn, I could not find the slightest tendency to 
fracture in any parf'f. The behaviour of this stone is 
precisely, but in lower degree, the same as that of a sheet of 
lead under the conditions described. 

My attention has lately been called to the buckling of 
plates on the sides of a series of girder-bridges. Some of 
these have domed up from f to | inch in plates 1 foot 
8 inches wide. The effect is quite striking, and I am satis- 
fied it is mainly the result of changes of temperature, as in 
every case it is the south side exposed to the midday sun 
which is most affected. 

It would be easy to enumerate further examples of the 
effects of alternations of temperature, of a similar nature ; 
but sufficient have been given to enable any one to follow 
my reasoning, and the application of the facts detailed. 

• Proc New York Academy of Sciences, 1883. 

t ^ The American Architectural and Building NewB,' 1882, p. 118. 



CHAPTER IV. 

MECHANICAL EFFECTS OF EXPANSION BY HEAT AS 

DETERMINED BY EXPERIMENT ON 

VARIOUS MATERIALS. 

Linear Expansion. 

Behaviour of Metals. 

In order to ascertain more exactly the way in which the 
changes of form assumed by various materials when sub- 
jected to varying temperatures are brought about^ I made 
the Mowing experiments :— 

A strip of lead 1^ inch wide^ weighing 12 lb. to the super- 
ficial f ootj was fastened down to a deal board at points 4 feet 
6 inches apart. The flame of a blowpipe was then brought 
to play upon it^ and moved rapidly along the strip ; the lead 
quickly began to bow upwards until the highest part was 
1^ inch above the board. 

This was the extreme height to which I was able to raise 
it by one heating. On leaving it to cool it fell to \ inch 
above the boards and after 24 hours' rest it settled down to a 
little over -^ of an inch. (Plate I. p. 19.) 

It is evident from this result that the lead^ though free 
to contract^ does not regain its original form, and exemplifies 
in a more intense and perceptible way the cause of the 
ridging-up of sheets of roofing and other lead already 
described. Further experiments by re-heating were made. 
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Superficial Expansion^ or the Expansion of Sheets 

OR Surfaces. 

My object in these experiments was to discover in what way 
differential expansion would show its accumulated results on 
sheets of lead of different forms and thicknesses. Also to 
attempt to find out what conditions determined the yielding 
at the parts where the metal buckled or ridged up as the case 
might be. 

Experiment No. 1. — The first sheet I experimented upon 
was a piece of old sheet lead originally about 6 lb. to the 
foot that had been used in forming a down-spout. 

I flattened it out^ which produced lines of weakness in the 
old creases. It measured 1 foot 6 inches by 6 inches. I 
nailed it down by the edges to a deal boards and played the 
flame of a blowpipe over it. The lead rose in a longitudinal 
ridge traversing the centre of the plate, with transverse ridges 
or spurs branching from it. I pressed down the lead to the 
board between the protuberant parts, and heated and re- 
heated it. The ridges became more and more developed until 
they assumed the appearance given in the illustration (Plate 
III.). The greatest elevation of the ridge was ^ inch. At 
one part the metal was by accident partially melted, forming 
an elliptical depression. The experiment lasted over three 
evenings. 

Experiment No. 2. — The next experiment was made with 
a circular disk of 7 lb. lead, nailed by the edge to a deal 
board (Plate II. fig. 4). It measured 3| inches in diameter 
between the fastenings. 

After repeated heatings and coolings it rose in a domical 
form ^ inch above the normal plane. On taking it off the 
board the concave side showed a repetition of the exterior 
form, as if it had been chased out. 

Experiment No. 3. — I next nailed a sheet of 7 lb. lead to 
a deal board. It measured 1 foot 7 inches by 8^ inches 
between the fastenings. 
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PLATE I. 

Experiments in Linear Expofmon. 

Fig. 1. Side view of strip of lead IJ inch wide, weighing 12 lb. to the 
superficial foot, screwed down to a deal board at A and B. It 
was laid flat on the board, as shown by the line d e. After 
one heating with the blowpipe, an anticlinal arch rose at C. 
The strip measured 4 feet 6 inches from A to B, and rose 
l^inch ate. 

fig. 2. The same strip, after being allowed to cool. It took a permanent 
set at C of a little over -f^- of an inch. 

fig. 3. The same strip. It was re-heated with the blowpipe, when the 
anticlinal, C, rose 1 inch. It was then pressed down at F and 
G and re-heated. Afterwards it was nailed to the board at H 
and again, heated. The anticlinal rose f inch, and cooled to a 
permanent form f inch high at C. 

fig. 4. The same strip. The lead was now in a state of tension between 
H and I. On heating, it was some time before it began to 
show any signs of movement. When it began to rise it went up 
rapidly to an anticlinal \ inch high. I then pressed it down as 
before, and nailed it at J. Permanent anticlinal, f inch high. 
I now heated the metal from H to J, and nailed it down at K. 
An anticlinal rose \ inch high, and took a permanent form at 
\ inch. (See p. 17.) 

Effects of Differential Expansion on Stone, 

fig. 5. Bar of Caen stone, measuring 14*448 inches at 60° Fahr. : 
scantling 1^ inch X 1 inch. It rested at each end flatways on 
a brick, L and M. On the flame of a blowpipe being passed 
over the top surface it arched up -^^ inch, as shown. It mea- 
sured 14-464 inches after it had cooled a little. (See experiment 
No. 3, p. 24.) 
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On the flame of a blowpipe being brought to play upon 
it as before^ it arched up in a more regular way than in the 
first experiment^ and after repeated operations it settled into 
three protuberances^ having an irregular linear arrangement. 
The lead in this example was not pressed down at all^ but 
allowed free play to assume whatever form it liked. I then 
cut star-like gashes into one of the protuberances, about half 
through the lead, with the effect after re-heating of ridging 
up this part at an angle. The experiment was made in 1882. 
I have kept the lead on the board in my bedroom window 
ever since, exposed to the ordinary variations of temperature. 
The ridge; are higher in summe7 and lower in winter, but 
have become permanently farther raised about ^ of an inch. 
As the wood itself is subject to expansion from moisture and 
shrinkage from drying, it is impossible for me to say how 
much is due to the movement of the wood, and how much to 
the varying expansion of the lead. The modelling of the 
surface is varied and very instructive. (Plate IV. p. 28.) 

Experiment No. 4. — ^The next experiment was of a similar 
nature, with a sheet of 4 lb. lead, 1 foot 5^ inches by 9^ inches 
between the fastenings. A couple of ridges were developed, 
one traversing the entire length of the plate, the other fork- 
ing out from the centre. 

After producing these irregularities with the blowpipe, I 
placed the plate and its wooden bed in the oven, leaving it 
there for several days together, then placing it in my library, 
repeating the process pretty often, but at irregular intervals. 
The effect of the heating and cooling was to develop the 
ridges much more strongly, so that now they measure in the 
highest part half an inch above the surface of the plate at its 
edges. The definiteness of form of the ridges has increased 
and the sides have become steeper since the plate has been 
removed from the last heating in the oven. (Plate V. p. 28.) 

Experiment No. 5. — ^After these experiments with sheets 
of lead it occurred to me to try zinc. For this purpose a 
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sheet of that metal 15 inches by 12 inches^ No. 16 gauge^ 
was riveted to a plate of malleable iron of the same size 
and ^ inch thick. It is evident that the zinc could only be 
afiPected by the differential expansion of the two metals. 

The coefficients of expansion^ according to the tables com- 
piled by Kinnear Clark, are g^ for zinc and j^^* for forged 
iron. After one heating in the oven from 62° P. to 180° P. the 
zinc had very perceptibly buckled, and had forced the iron 
plate, to which it was riveted, into a concave shape at the 
bottom. I now repeatedly heated the combined plates in 
the oven, but never to over 200° P., generally to much less. 
The zinc is now extremely convex, of a pretty regular cur- 
vature, rising about half an inch above the true plane. 

If the plate had been larger there is little doubt that the 
zinc would have arranged itself in folds and creases instead 
of rising in a domed form. 

Deductions from the preceding Experiments. 

These experiments show that when a sheet of metal is 
heated, but secured from lateral enlargement, its behaviour 
is regulated by the thickness and ductility of the metal. If 
sufficiently thick or rigid to support itself in the domed form, 
it assumes and retains that shape. If, on the other hand, it 
is too weak to support itself as a dome, the superfluous 
horizontal extension in all directions, by expansion, causes 
the plate to adapt itself to the new conditions by ridging-up. 
The form and direction of these ridgings can be to a large 
extent governed by the manner in which the heat is applied. 
If a regular heat is applied affecting the plate equally in all 
its parts, the ridgings will be governed by the accidental lines 
of weakness that may exist in the plate. If, on the other 
hand, the heat is locally applied as by a blowpipe, the metal 
bosses up where the flame is played upon it. In this way the 

* ' Manual of Rules, Tables, and Data for Mechanical Engineen/ p. 336. 
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form of the protuberances can be to a large extent moulded 
at will. No doubt changes take place in the thickness of 
the plate at various points, but I have been unable to 
measure them. 

Effects on various Stones of Differential Expansion. 

The experiments already detailed being made with thin 
sheets of metal having a high conductivity, the temperature 
on the opposite sides of the pliEite would not differ sufficiently 
to affect the result. I now conducted a series of experiments 
with rocks of various descriptions, in which, through the 
thickness, the less conductivity of the stone, and the way 
the heat was applied, the differential expansion had marked 
effects, which I proceed to describe. 

Experiment No. 1 (see Plate 11. fig. 1). — A bar of fine 
hard light brown sandstone, square-dressed to a smooth 
surface, measuring between two fixed points 7*346 inches 
long at 61° P., and roughly speaking 1| inch by 1 inch 
scantling, was placed with its ends resting flatways on two 
supports. The flame of the blowpipe was brought to bear 
upon the upper surface until it expanded to 7*385 inches. 
The stone was hot enough to melt solder but not lead — 
perhaps 500° P. on the top surface. As the blowpipe played 
upon the stone it became, in places immediately under the 
flame, momentarily heated on the surface to a bright red 
heat, and the sharp edges were burnt off; the stone became 
when cool of a darker brown, but apparently was not otherwise 
altered by heat. The stone arched upwards against gravity 
in a most remarkable manner to the extent of ^ of an inch. 
A second heating brought it up to not less than ^ inch, at 
which it took a permanent set. 

The measurements were taken in this and other cases with 
a pair of steel callipers irfiich measure very accurately to 
T(fco ^^ *^ ^^^* Care was of course taken to avoid as much 
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PLATE n. 

Effeda en Stone of Differential Expamion, 

FS^. 1. Bar of fine hard light brown sandstone 7'346 inches long ; scantling 
If X 1 inch. It was supported like fig. 6, Pkte 11., and 
heated on the top surfEtce with a blowpipe. It arched up as 
shown with the first heating ^^ of an inch, and at the second 
over 1^. (See experiment No. 1, p. 22.) 
Fig. 2. Bar of Sicilian white marble, measuring 14*465 inches at 66^ F. ; 
scantling If X 1 inch. This was placed on edge on sup- 
ports as before. A line was drawn on the aide at A B. On 
heating with a blowpipe it arched up not less than y^ of an 
nch. It took a slightiy arched form permanently, and also 
sutfered torsion. (See experiment No. 7, p. 24.) 
Fig. 3. Slab of Sicilian marble, 11*922 X 11*979 inches, and f inch 
thick. This was placed upon two bars of slate. It was heated 
with a blowpipe on the upper surface. The flame was rather 
small, and was kept mostly near the centre within the circle of 
dotted lines, but was also moved about The slab became 
very slightly convex. Eventually it cracked at one side at C 
as shown, opening out at the edge about -^ inch ; the crack 
now extends to the centre. As the slab cooled the crack closed 
up. The crack was the result of the circumferential and radial 
expansion of the centre part of the slab, within the dotted 
lines, and shows that a considerable bursting strain was deve- 
loped. The total amount of expansion from D to E was O013 
inch, and from F to G 0016 inch. It permanently expanded 
0*005 inch each way. 

The crack at C opened with the re-heating of the centre of 
the slab, and closed with the cooling ; uncoiling, as it were, 
like a spiral spring. 

A similar slab of fine sandstone, supported in a similar way 
and heated on the underside with a gas-stove, becanie slightly 
concave on the upper surface, but did not rupture. The heat 
was more evenly distributed than in the previous example, 
though less at the edges than the middle. It expanded 0*013 
inch and 0O14 inch respectively across the centre. The tem- 
perature at the top was sufiicient to melt fusible metal. (See 
experiments No. 11 and 12, p. 26.) 
Fig. 4. Circular sheet of 7 lb. lead nailed to a board at the edges. After 
repeated heatings and coolings the lead rose in the dome-like 
form shown in section II I, drawn across the centre of the 
disk. (See experiment No. 2, p. 18.) 
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as possible the heat afiPectmg the callipers. Any error this 
way would of course make the apparent expansion of the 
stone less than the actual. 

After the second heating it measured 7*396 inches, and 
became permanently lengthened to 7*366 inches or 0*020 
inch. 

Experiment No. 2. — ^A similar experiment was made with 
a piece of sandstone 6^ x 1| x 1 inch, which also arched 
upwards and took a permanent set. No accurate measure- 
ment was made in this case. 

Experiment No. 3 (Plate I. fig. 5). — ^This was made with 
a piece of Caen stone (Oolite). The scantling of the bar 
was the same as No. 1, the length at 60^ F. 14*448 inches. 
It expanded under the blowpipe to 14*464, measured after 
it had cooled a little. After cooling to normal temperature 
it measured 14*460. The heat of the surface was probably 
about 300° F. 

This bar also rose in an arch about ^ inch. It remained 
hog-backed for a considerable time, and even now, a year 
afterwards^ it is appreciably though much less arched. It 
measures now 14*446 inches, but whether it has perma- 
nently shrunk, or only worn at the points of measurement, I 
cannot tell. 

Experiment No. 4. — This was made with a bar of 
St. Helens sandstone (a fine micaceous quality much used 
for hearthstones) measuring 14*424 inches. It took a 
minute but perceptible '^ hog's-back,'' and when cooled 
measured the same as before heating. 

Experiment No. 5. — ^A bar of Hare- Hill sandstone, mea- 
suring 14*455 inches, scantling same as before, was heated 
the same as No. 4, with precisely similar results. 

Experiment No. 6. — A similar bar of Irish black marble, 
10*764 inches long, after being heated with a blowpipe 
permanently extended to 10*768 inches. 

Experiment No. 7.— A bar of Sicilian white marble 14-465 
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inches long at 65^ F.^ 1| x 1 inch^ was placed on edge sup- 
ported at each end on a brick. This was heated with a blow- 
pipe^ but did not at any point under the flame become red- 
hot. It arched up or ^^ hog-backed " at least ^^ of an inch. 
A line had been drawn along the centre of tjie side^ and this 
line^ on looking along it^ showed the arching very plainly. 
It measured along this centre line while hot 14*491 inches^ 
so that it had expanded 0*026 inch. On cooling down to 65^ 
it measured 14*476^ showing an extension for the time of 
0*011 inch^ and it remained permanently arched. 

Seven days afterwards it measured 14*475 inches. (Plate 
n. fig. 2.) 

It now^ after the lapse of nearly fourteen months^ measures 
14*474 inches^ that is to say^ it remains expanded 0*009 inch. 
The arching of the stone is still quite perceptible on looking 
along the centre line. It also has a slight twisty as may be 
seen on applying the bar to a plane surface. This is doubt- 
less due to the flame of the blowpipe playing partly on one 
side as well as the top. The twist, or ''skew wift/^ is 
common to aU the stones that have been permanently 
distended. There is no perceptible alteration in the struc- 
ture of the stone. 

Experiment No. 8. — ^This was with a bar of fine-grained 
Burnley sandstone, placed on edge in a similar manner to 
No. 7. On heating to redness in the centre it arched con- 
siderably, but in a broken-backed sort of way, through the 
heat being mainly confined to the centre. At 65^ it measured 
along the centre line 14*453 inches ; when heated it length- 
ened to 14*479 inches or 0*026 inch. On cooling to 65° it 
measured 14*456 inches, a difierence of only 0*003 inch from 
its original length. It now, after a lapse of nearly fourteen 
months, measures 14*456, showing that the lengthening, 
though small in amount, is permanent. It does not retain as 
much curvature as No. 7, but the arching, as well as a slight 
twist, is very perceptible on applying it to a true plane surface. 
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The whole of these bars were^ before being experimented 
upon^ nibbed to true surfaces. 

Experiment No. 9. — ^This was with a bar of fine-grained 
grey sandstone. It was placed upon supports at each end^ 
as in the other instances^ but on the flat^ and was heated to 
redness in the centre^ but only superficially, as in all the other 
experiments. At 60^ it measured on a centre line on the side 
14*443 inches. In this case, the centre Une being on the 
side and the stone on the flat, the measurement when heated 
was taken' across the back of the arch ; it was 14*483= to an 
expansion of 0*040 inch. In no case was the measurement 
taken while red-hot; indeed, on withdrawing the flame ot 
the blowpipe the redness ceased almost instantly. It cooled 
down to 14*450=: to a lengthening of 0*007. The bar was 
very decidedly arched when hot. After two days the length- 
ening was reduced to 0*006. It now measures 14*448 inches 
at 60°, or remains permanently lengthened 0*005 inch. 

It remains arched more than No. 8, and it is also twisted. 

Experiment No. 10. — ^This was with the same bar of Irish 
black marble as described in No. 6. On heating, but not to 
red heat, it expanded to 10*800 inches, its length before the 
first heating having been 10*764= total expansion 0*036, 
When cooled to normal it measured 10*778 inches = perma- 
nent lengthening of 0014, of which 0*004 was due to previous 
heating. It broke immediately after measuring, so that there 
may have been a minute rupture affecting the length. It 
arched up only slightly. 

Experiment No. 11. — ^A slab of Sicilian marble 11*922 
inches by 11*979 inches and | inch thick was supported on 
slate bars, and heated on the top surface with a blowpipe ; 
it became slightly convex, and eventually ruptured at C, 
Plate II. fig. 3. The fracture closed up on cooling, and 
opened again on re-heating. 

Experiment No. 12. — ^A slab of fine-grained sandstone, the 
same size and thickness as the preceding, was heated on the 



EXPANSION BY HEAT. 27 

underside by a gas stove. It became slightly concave on the 
upper surface^ but did not rupture. The details of these two 
last experiments are given in the description of Plate II. 

What the Experiments show. 

These experiments conclusively prove that rock is not the 
immobile material we are apt to think it. A further set of 
experiments was made^ which will be detailed hereafter, to 
determine, as nearly as I could, the coefficients of expansion 
for each kind of rock. Indeed such determinations preceded 
in many cases the experiments just described, the same bars 
having been previously used for that purpose. It was impos- 
sible, in the foregoing experiments, to do more than guess 
at the temperature the stone had been raised to, and what it 
was when measured. In fact each bar was both intentionally, 
and from the nature of the application of the heat, of different 
temperatures at different parts. 

If we take the average temperature of the bar in Experi- 
ment No. 1 at 500° Fahr. when measured, it expanded gg^ 
of its own length for every degree. This is higher than the 
coefficient of any of the sandstones as given in the table 
further on, and determined between differences of temperature 
never reaching more than 160° Fahr. 

Not only did the differential heat between the upper and 
lower sides of the bar — the amount of such difference of tem- 
perature being impossible for me to determine^ — ^prove suffi- 
cient in all cases to very decidedly arch the bar up against 
its own gravity, but in many cases it gave the stone a decided 
set or. distortion, part of which was retained after the lapse of 
fourteen months, although its lying in the drawer must have 
tended to straighten the stone. The bars experimented 
upon were all reduced to a plane surface on the four sides, 
so that if placed on another plane surface, like the marble 
slab of a chimney-piece, the two surfaces would coincide. 
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Such a test now shows that afber the lapse of fourteen months 
they are all more or less permanently distorted^ having 
sofiPered torsion as well as bending. It will also be observed 
that only one stone recurred to its original lengthy while 
another (Caen stone) apparently shrank, but of this I cannot 
feel quite sure^ as the surface of the stone may have worn 
away with frequent measuring^ the stone having been expe- 
rimented upon pretty often. 

The Sicilian white marble not only retained the set, being 
arched up the deep way of the bar, but became permanently 
lengthened 0'009 inch, or y^(yy of its original length. 



PLATES m., IV., v., & VL 

Effects of Superficial Expansion on Sheets of Lead, 

Three of these Plates (UI., IV., & V.) are Ink-photos from plaster casts 
of the sheets of lead experimented upon, as descrihed in pp. 18 and 20, 
Experiments Nos. 1, 3, and 4. — Plate \^. is an Ink-photo from a cast of 
a butler^s pantry sink, described in p. 16. The lead in this case was very 
strong, I should think about 10 lb. to the superficial foot 
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CHAPTER V. 

GEOLOGICAL PHENOMENA ASSOCIATED WITH 

MO UNTAIN-EANGES. 

Leaving for the present a farther consideration of the 
application of the facts brought out by the foregoing experi- 
ments^ let us take a view of some of the geological phenomena 
we find in connection with great mountain-chains. 

General Considerations. 

It has been a subject of remark and wonder to more than 
one eminent geologist, that all the greatest mountain-ranges 
are, geologically speaking, so comparatively modem. The 
Himalayas, the Andes, the Alps, and the mountains of the 
Caucasus have been, to the larger extent, upheaved in Ter- 
tiary times*. 

That these great ranges constitute the highest land on the 
Earth's surface, is satisfactorily explained by the fact that 
they have not been exposed for so great a length of time, 
as the earlier mountains, to destructive denudation, which 
acts at an accelerated rate ia the higher regions of the atmo- 
sphere. This truth was particularly forced upon my atten- 
tion in working out the figures for my Presidential Address 
to the Liverpool Geological Society in 1876, ^'On Geological 
Time;*' by which it came out that the older formations 
in England and Wales, usually composed of more insoluble 
rocks, through occupying generally the higher grounds and 
mountain-districts where the rainfall is greatest, yielded in 

• RamBaj : "The Geological History of some of the Mountain Chains 
and Groups of Europe.'' Lectures at the Royal School of Mines, 1876 ; 
reported in * Mining Journal,* January 30th, and February 6th and 13th. 
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the aggregate as much solids in solution as the more 
soluble rocks constituting the Thames Basin *. 

But though we can see plainly why the newest mountains 
are the highest^ it is not at all clear why they should be com- 
posed of the newest sediments^ or rather the newest at the 
time of their upheaval. Still this great truth remains^ that 
it is impossible to point to a range of mountains which have 
been built up of old denuded rocks. Old rocks certainly 
accompany^ and form part of all great mountain-ranges; 
but they are only discoverable through the removal by denu- 
dation of the enormous masses of more modem sediment^ 
with which they were originally covered. This is certainly 
a fact to make us pause and think^ and it seems strange that 
it should have been so often lost sight of in reasoning upon 
mountain-building. If we could point to one example where 
a mountain-range had been built up solely of old rocks that 
had long suffered denudation, and remained at the time of 
upheaval uncovered by newer sediment, the significance of 
this association of great sedimentary deposits with mountain- 
building would be considerably weakened. 

But no such example can be produced. On the contrary, 
as the following illustrations will show, not only great 
mountain-ranges, but lesser chains, and even low anticlinal 
upheavals, are, so far as we know, invariably associated with 
new sedimentation. 

Great Britain. 

To begin near home, the mountains of Wales, the north 
of England, and north of Scotland were upheaved only after 
strata, estimated at over 8 miles in maximum thickness, were 
deposited over the area of the British Isles f. 

* Reprinted in * Chemical Denudation in Relation to Geological Time/ 
p. 12. 

t The Lower Silurian rocks of Britain are estinuited by Murchison at 
30,000 feet. ' Siluria,' oth ed. ch. xiv. p. 354. 
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The old mountain-systems of North Wales^ Cumberland^ 
and Westmooreland are entirely carved out of Cambrian and 
Silurian strata. The range in which the Rhinogs are 
situated^ which rise to a height of 2400 feet above the sea^ is 
carved out of Cambrian strata almost firom base to summit. 

£normous masses of Lower and Upper Silurians have 
been removed by denudation^ yet Merionethshire remains 
mountainous still. Most probably in succeeding periods^ 
rocks of a later age have been deposited over this area^ but 
if so^ these newer formations have long ago been swept away 
by denudation. With the exception of Carboniferous^ Per- 
mian^ Triassic^ and Liassic rocks, in contiguous areas, these 
later rocks have not been preserved. Though these Silurian 
mountains may have been, to a certain extent, modified and 
faulted by earth movements since their primary upheaval, 
they still stand as monuments of the enormous forces deve- 
loped in the earth's crust, after the Cambrian and Silurian 
sedimentation had been completed. 

It is not only that the Cambro-Silurian sediments were of 
great thickness, but they were also of vast extent. They 
extend to, and thin out on, the Scandinavian continent. 
They are found in the north and west of European Russia, 
and again along the Oural Mountains, &om which Professor 
Hull infers they underlie the whole of Central Russia, but 
in very much diminished thickness'^. In the North of 
France the Lower-Silurian rocks attain to great vertical 
dimensions. In the Department of the Sarthe they are 
estimated at nearly 20,000 feet. Silurian rocks have been 
proved to underlie the Cretaceous strata of Northern Belgium, 
and they are largely developed in Spain f* 

* << On the Geological Age of the North Atlantic/' Trans, of the Royal 
Dublin Society, April 1865, voL iii. series 2, p. 311. 

t See Map, showing " the comparative thickness and depth of deposi- 
tion of the Cambrian and Lower-Silurian rocks in different areas " by Dr. 
fficks. Q. J. Q. S. Nov. 1876, p. 568. 
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The next most important monntain-syBtem in England 
and Wales is caryed out of Carboniferous strata. Portions 
of the Pennine Chain, forming the watershed between the 
Irish Sea and the German Ocean, in the north of England, 
rise to a height of 2500 feet *. The Mendip Hills and a 
large part of South Wales are formed of Carboniferous 
strata. These beds, as was first shown by Mr. Godwin- 
Austen, and afterwards proved by various well-borings, are 
connected by a subterranean ridge of Palaeozoic rocks passing 
under the London Basin and the north of France with the 
disturbed Coalfields of Belgium f. 

Here, again, the conditions that preceded the upheaval 
were the deposition of great thicknesses and extended areas 
of sediment. The Coal-measures, Millstone grit^ and Yore- 
dale series in South-east Lancashire are estimated by Prof. 
Hull at over 12,000 feet. The Mountain Limestone of 
Derbyshire attains a maximum thickness of 4000 feet^ and 
yet its base is never seen. Prof. A. Geikie says : — ''This 
Pennine region appears to have been the area of maximum 
depression during the early part of the Carboniferous period 
in Britain'^ J. 

In Ireland the Carboniferous Limestone occupies a large 
area, and attains a maximum thickness in the west and 
south-west, where it measures at Limerick, according to 
Mr. Kinahan, 3600 feet §. 

In Scotland the Carboniferous beds occupy the whole of 
the country between the Forth and Clyde. 

* Phillips's ' Geology of Yorkahire ' : Part 11. — Mountain Limestone 
District, published in 1836. This is still the best work on the district, and 
well worth studying in the physical portions. 

t See section of Coalfields of Somerset and Bristol, Li^, and West- 
phalia, in Prestwich's * Chemical and Physical Geology,' p. 260. 

X * Text-book of Geology,' 1st ed. p. 738. For details of distribution, 
and thickness of Carboniferous rocks, see Woodward's * Geology of 
England and Wales.' 

§ ' Manual of the Geology of Ireland,' p. 71. 
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No doubt the Carboniferous area extended seawards into 
the Atlantic, but to what distance we have no means of 
knowing. 

In all these examples the sedimentary strata are accom* 
panied by volcanic rocks — sometimes interbedded, in others 
intruded; but of these more will be said as the subject 
develops. 

I have taken these two illustrations because in Britain 
they are the most important in their effects, but it can be 
shown that disturbances of the strata have followed the 
laying down of formations, here not much developed, but 
in other places on the globe occupying vast areas, attain- 
ing great vertical dimensions, and accompanied by a pro- 
portionate development of energy, culminating in the folding, 
crumpling, condensation, and upheaval of the consolidated 
sediments. 

North America. 

Appalachians. 

Perhaps the connexion between the extent and thickness 
of the rocks, and their elevation into mountain-ranges is no- 
where more apparent than in the region of the Appalachians, 
made classic by the labours of H. D. and W. B. Rogers, 
and since more fully worked out by Prof. Lesley and the 
officers of the Second Geological Survey of Pennsylvania. 
In the map prepared by Mr. W. J; McGee, '^ showing the 
present state of knowledge (1884), relating to the areal 
distribution of geologic groups/^ the main outlines of the 
Carboniferous system in the United States are given. It 
occupies east of the Rocky Mountains about 400,000 square 
miles, principally in the valleys of the Mississippi and its 
tributaries. The map, of course, takes no notice of Carboni- 
ferous rocks underlying rocks of a later date, nor of those 
areas that have been since denuded of Carboniferous deposits. 
Judging from what we know of the enormous denudations 

D 
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that have taken place even in Tertiary upheavals^ we can 
form a rude conception of the enormous reduction of area 
and thickness which has taken place in the Carboniferou* 
system of the Appalachians during the vastly greater time it 
has been exposed to atmospheric and other vicissitudes. To 
form an idea of the importance of the enormous amount of 
sediments in connexion with the upheaval of the Appalachian 
chain^ it is necessary in imagination to replace them. It 
seems to me extremely probable that the whole of the highly 
folded Archaean rocks to the south-eastwards were once 
covered with an extension of the same Carboniferous sedi- 
ments* If we pass from the United States to Canada, we 
find a fragment of the North- American Carboniferous system 
still existing^ where, on the shores of the Bay of Fundy, at 
the well-known South Joggins section, it is calculated to 
reach the thickness of 14,570 feet *. From what we know 
of the geological behaviour of the rock -systems, we may 
infer with certainty that this enormous thickness of now 
isolated beds is part only of a much more extended area of 
the same nature, if not of the same thickness, preserved from 
denudation by being situated in a synclinal fold, or by 
faulting, or by both combined. If we produce the axis of 
the Appalachian range, we shall find that it actually strikes 
across this area of Canadian Carboniferous. 

The eastern side of the Appalachians, being exposed to the 
rigours of the Atlantic, would, through the greater rainfall 
on the coast, suffer more rapid denudation f* And this expo- 
sure to the rains of the Atlantic is not a mere modem phe- 
nomenon, for the Tertiary and Cretaceous rocks of the coast, 

♦ ' Acadian Geology : ' Dawson, 3rd edit. p. 151. 

t The rainfall is given by H. D. Rogers as follows :— Philadelphia, 
86 to 55 inches j Pittsburg, 06 to 47 inches ; Gettysburg, 80 to 52 inches ; 
New York, 80 to 66 inches — all of which are high ; but the number of 
nuny days is much less than in QreKt Britain. ' Geology of Pennsyl- 
vania/ First Survey, vol. i. p. 67. 
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from New Jersey to Georgia^ show that the waters of the 
Atlantic have actually laved the sides of the Archaean rocks 
now forming the eastern flanks of the Appalachians. That 
there is nothing exceptional in this subaerial wearing away 
of the seaward slope of the land areas^ we may satisfy our- 
selves in Britain and Ireland. Here the prevalent winds 
and rains are from the south-west and north-west^ and we 
find in these atmospherically affected areas that the oldest 
rocks occur at the surface^ having been uncovered by denu- 
dation. In the Outer Hebrides^ little but the oldest gneissic 
rocks are met with. On the mainland of Scotland^ from the 
Mull of Galloway to Cape Wrath — with the exception of the 
Carboniferous rocks of the Clyde Valley, preserved by being 
let down in an immense trough fault, and the Tertiary rocks 
of Mull and Skye, so admirably unravelled by Prof. Judd — 
there is little to be found but Silurians and Cambrians. 

In the north, from Skye to Cape Wrath, the still older 
Archseans come to the surface. 

In Irdand, the oldest rocks are found on the west coast in 
Donegal, exposed to similar atmospheric conditions. The 
same is true of the coast from Galway Bay to Broadhaven. 
The same generalization holds true even of the west coast of 
England and Wales. Fortunately it is not open for any one 
to say in the case of Scotland, ^^ These old rocks appear 
at the surface because newer ones have never beon laid down 
upon them ; '' for, leaving out of account the fact that the 
very constitution of these old rocks shows they have been 
buried under enormous masses of their own age since removed. 
Secondary rocks have been discovered associated with them. 
A small patch of Carboniferous in the wild ravine of the 
Innimore of Ardtornish was brought to light by the labours 
of Prof. Judd*. As he has so lucidly and conclusively 
shown, the unexpected fragment has been preserved through 
being let down 2000 feet by faulting, and so inserted in 

♦ " Secondary Rocks of Scotland," 3rd paper, August 1878, p. 684. 

1)2 
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the tocky framework of the land like a piece of mosaic. 
These geological fragments are as certain evidence of the 
former exteusion of Secondary rocks over a large part of 
Scotland as is the mosaic pavement of Uriconium of the 
former presence of the Romans in Britain. (See Plate VII. 
and description^ p. 37.) But it will take too much space 
here to develop the subject fully. If I have brought suffi- 
cient facts forward to show that there must formerly have 
existed to the eastwards of the Appalachians^ and probably 
under what is now the Atlantic^ extensive Carboniferous beds^ 
my present purpose is achieved. 

According to Dana^ who divides these deposits into Sub- 
carboniferous and Carboniferous^ the former attained a maxi- 
mum development of from 4000 to 5000 feet *. These are, 
however, but representatives of one of the several systems 
out of which the Appalachians were built^ as over a large 
area they rest upon Devonian, Silurian, and Cambrian strata. 

Prof. Lesley says that on the Susquehanna river above 
Harrisburg, the eleven Pal8eo2ft)ic formations from the 
top of the Pottsville conglomerate measure at least 26,000 
feet; the same formations measure along the Ohio river 
above Cincinnati less than 3500 feet ; and he estimated that 
at Pittsburg, midway between the eastern and western out- 
crops, the Potsdam sandstone lies at a depth of 15,000 feet f. 

The Pittsburg coal-bed occupies in Pennsylvania an area 
of 2500 square miles of an estimated average thickness of 
8 feet. Prof. Lesley considers that it and its companions, 
the upper productive Coal-measures, formerly extended into 
the State of New York and even Northern Ohio, and that it 
is not improbable that its original area crossed Lake Erie 
and Lake Ontario into Canada X- 

* ' Manual of Geology/ 2nd edit p. 305. 

+ "The Geology of the Pittebuig Coal-region," read before the 
American Institute of Mining Engineers, February 1886, p. 15. 
X Ibid. p. 8. 



WITH MOUNTAIN-RANGES. 87 



PLATE VII. 

Map of Great Britain and part of Ireland, showing by varying depth 
of shading the present distribution of some of the Rock-systems; com- 
mencing with white for the oldest rocks, and ending with the deepest 
shade to represent the Tertiaries. 

A. Tertiaries. 

B. Cretaceous and Oolites. 
0. Lias, Trias, and Permian. 

D. Carboniferous. 

E. Old Red Sandstone, Silurian, Cambrian, and Archaean. 

The object of this Map is to represent at once to the eye the relative 
ages of the different parts of the British Isles. It shows plainly that the 
oldest strata are in the mountainous districts, and enables us to grasp the 
high probability of the former extension of the newer strata over most of 
the mountain areas, from which they have been worn by denudation. 
Hence it may be called a ^ Denudation Map.'' 
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The highest pile of Coal-measures has been preserved in 
Greene County, near the State line. The upland summits 
have an elevation of 2000 feet above the tide, and the bottom 
of the great conglomerate is 500 feet below tide. But this 
is not the full thickness, as an unknown quantity has been 
eroded from the summit. 

Prof. Lesley estimates that erosion has taken place to the 
extent of 25,000 feet in Blair County and at least 30,000 feet 
at Harrisburg *. 

The Coal-measures of the Pittsburg region are about 2000 
feet thick, and contain at least fifteen workable beds of coal. 
" They lie upon each other like the layers of a sea-shell, have 
a gentle south-western slope of about 2600 feet in 160 miles, 
and, if planed off to a flat surface, the outcrops at the limits 
of this area would be as continuous as the lines of wood- 
layers in a plank planed by a carpenter at a low angle across 
grain.^^ t 

Prof. Dana, who has done much to elucidate the mysteries 
and systematize the knowledge of mountain-structure, con- 
siders that the Palaeozoic systems are here conformable, and 
the total thickness of the whole group is 40,000 feetf. 
H. D. Rogers estimates that, according to careful measure- 
ments, their aggregate thickness cannot be less in PennsyU 
vania than 36,000 feet §. Dr. Sterry Hunt says || the total 
thickness of the Palaeozoic strata along the Appalachian 
Chain is about 4?0,000 feet; whUe the same formation in 
the Mississippi Valley, including the Carboniferous Lime- 
stone which is wanting in the east, have, according to Mr. 
Hall, a thickness of scarcely 4000 feet. It will be well to 

* ''The Geology of the Pittsburg Coal-region," read before the 
American Institute of Mining Engineers, February 1886, p. 12. 
t Ibid. pp. 6 & 7. 

X ' Manual of Gfeology,' 2nd edit. p. 748. 
§ * Geology of Pennsylvania,' vol. i. p. 60. 
H ^ American Geology," American Journal of Science, May 1861. 
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give^ after the preceding description of the geological forma- 
tions associated with this most interesting mountain-system^ 
a general idea of its leading physical peculiarities. 

Physical Aspects. — Dr. Arnold Guyot says * ; — " The up- 
heavals of ancient rocks which constitute this well-connected 
physical structure^ for which as a whole it is proper to retain 
the common name of the Appalachian System^ extend in an 
undulating line thirteen hundred miles in a mean direction 
of N.£. and S.W. from the promontory of Gaspd upon the 
Gulf of St. Lawrence to Alabama^ where terminal chains 
sink down and are lost in the recent and almost horizontal 
strata of the Cretaceous and Tertiary formations which cover 
the greater portion of the surface of this State. This long 
elevation is composed of a considerable number of chains 
sensibly parallel to each other^ occupying more particularly 
the eastern part which faces the ocean^ and of an extended 
plateau which prevails towards the west and north-west^ and 
descends gradually towards the inland valleys of the St. Law- 
rence^ the Lakes Erie and Ontario^ and the Ohio river. 

'' The plain on which this system rests is in New England 
about 50 miles wide ; it disappears near the Hudson^ New 
Jersey, and gradually increases towards the south to over 
200 miles. Its elevation above the sea at the foot of the 
mountains is in New England from 300 to 500 feet. 

'' From the neighbourhood of the Bay of New York, where 
it is nearly on a level with the sea^ it rises south to over 1000 
feet. On the west the tablelands preserve a mass elevation 
of 1000 feet or more, the river being scooped out to a depth 
of from 400 to 600 feet, thus reducing the altitude of the 
Ohio river to one half that of the surrounding lands. 

'' The system is composed of a series of long folds or chains 
that run parallel to each other, often with great regularity. 

* ''On the Appalachian Mountain-System/* American Journal of 
Science, March 1861. 
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In the middle region they present the appearance of long and 
continuous walls, seldom varied by any peaks or crags/' 

It is further pointed out that the system has no central 
axis to which the secondary chains are subordinated ; in this 
respect being unlike the Alps and like the Jura. It is dis- 
tinguished from the Jura by the well-marked division into 
two longitudinal zones of elevation — one turned towards the 
Atlantic, in which the form of parallel chains predominates ; 
the other turned towards the interior, composed of elevated 
and continuous plateaux. Occasionally minor chains very 
little elevated from the base wrinkle the surface of the table- 
lands. 

^ This group of parallel chains may be arranged in three 

divisions, the northern being composed of Devonian and 
Silurian rocks, which 400 feet of water would separate from 
the American continent. 

The central is the region of folded chains, with elevations 
of from 800 and 1500 to 2500 feet, gradually increasing in 
elevation towards the south and becoming more indented. 
The southern division, from the New River to the extremity 
of the system, is remarkable for the diversity of its physical 
i structure and its general altitude. In the Blue Ridge its 

more elevated groups attain from 5000 to 5900 feet. 

This very clear description by Prof. Guyot will enable us 
to picture the external physical features of these remarkable 
mountains. In another chapter we shall discuss more par- 
I ticularly the geological features of the system. 

The map, Plate VIII., and section, Plate IX., will enable 
the reader to follow the foregoing descriptions and reasoning. 
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The Bocky 'Mountain System. 

The Rocky-Mountain system does not possess the simpli- 
city of structure and symmetry found in the Appalachian 
chains. It also has not been so thoroughly worked out in 
all its geological aspects, yet sufficient has been done by a 
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PLATE Vra. 

Map of the Appalachian region^ constructed from the one prepared by 
Mr. W. J. McGee for the U.S. Geological Survey (1880), « Exhibiting 
the present status of knowledge relating to the areal distribution of Geo- 
logic groups." 

The references to the formations are given on the Map itself. The 
system of shading adopted is on the same principle as Plate YXX., the 
Archsean being the lightest and the Tertiary the darkest. 

It exhibits the direction of the Appalachian Ranges by the strike of the 
strata, and enables us to realize the enormous amount of denudation that 
has taken place since their upheaval, as explained on p. 34. 

The dotted line, A B, is the line of section given in Plate IX. This 
section is a copy of one prepared by H. D. Rogers, and published in 1857. 
It gives a good idea of the system of folds constituting the Appalachians 
as interpreted by him. The names of the rock-systems are rather fiEmd- 
fol, so I hiave appended the equivalent terms in common use. 
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PLATE IX. 

Section across PeDnBylvania and the Appalachians from the New York 
State Line at Connewago Creek, Warren Co. , passing through Lewistown 
to the Maryland Line in York Co. A to B in Map of the Appalachian 
region (Plate VIII., p. 41), a distance of about 200 miles. (&, D. RogerSy 
1st Geological Survey of Pennsylvania, 1857.) 

A. Primal Slates, altered and crystalline. 

B. Primal Slate and Sandstone. 

C. Primal. 

D. Auroral. ^ Lower Silurian. 
£. Matinal. 

F. Levant. 

G. Surgent. ^ Upper Silurian. 
H. Meridian. 

I. Cadent. j 

J. Vergent. > Devonian. 
K. Ponent. I 

L. Vespertine. Lower Carhoniferou9. 
M. Mesozoic Red Shale and Sandstones. 



Exflmiation of Terms, arranged in ascending order. 

" Primal " includes the Crystalline Schists or Az(»c Gn)up, Conglome- 
rate : Older Slate ; Potsdam Sandstone : Upper Slate. 

^ Auroral*^ includes the Caldferous Sandstone of New York, and Chaij 
and Black River Limestone. 

"Matinal" includes Trenton Limestone, Utica Slate, Hudson Rivet 
Slates. 

'< Levant " includes Oneida Conglomerate, Medina Sandstone. 

" Surgent " includes Clinton Group. 

'^ Meridian *^ includes Upper Helderberg or Comiferous Limestone. 

" Cadent " includes Marcellus Slate, Hamilton Group, and Genessee 
Slate. 

" Vergent " includes Portage Flags, Chemung Group. 

" Ponent " includes Catskill Group. 

<' Vespertine ^ consists of Conglomerate and Sandstone, and Carbona- 
ceous Slates. 
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numerous body of able State geologists, who have made 
mountain-structure a special study, to show how varied are 
the manifestations of the forces which cause the upheaval of 
mountain-ranges. 

The dependence of this system of mountains, together with 
those of the Pacific-coast ranges, upon sedimientation is seen 
at a glance on reference to the map (Plate X.). From the 
Missouri river westward to the coast, commencing with the 
Cretaceous system which extends to Salt Lake, almost every 
formation is met with, from the Archaean to the Tertiary. 
The Cretaceous attains its greatest thicknesa in Wyoming^ 
Utah, and Colorado, where it reaches 9000 feet or more. la 
these Rocky-Mountain territories it passes upward without 
interruption into a coal-bearing formation several thousand 
feet thick, on which the succeeding Tertiary strata lie uncon- 
formably *. 

The Jurassic and Triassic beds are found in the Rocky- 
Mountain region ; they are conformable, and there is often a 
difficulty in dividing them. They exist in the Black Hills in 
Dakota, and the Red Buttes in the North Platte. In the 
Elk Mountains of the western part of the Colorado territory, 
the upper parts of several of the peaks over 14,000 feet high 
consist of several thousand feet of Triassic or Triassic and 
Jurassic sandstones and marlytes, nearly horizontally strati- 
fied, overlying Carboniferous strata. 

The high Wahsatch and Uinta Mountains, east of the 
Great Salt Lake, are also largely Triassic and Jurassic over 
Carboniferous, and so is part of the Humboldt Ranges west 
of this lake; on the Wahsatch the beds consist of sand- 
stones and dolomitic limestones 1800 feet thick. The 
Triassic of the Sierra Nevada has been observed in California, 
according to Whitney, in El Dorado County at Spanish Flat, 
in Puma County, near Gifford's Ranch, &c. ; also in Owen's 

* Dana, * Manual of Geology/ 2nd ed. p. 454. 
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Valley along the western flanks of the Inyo White Moun- 
tains*. 

The following sketch by Prof. John J. Stevenson gives a 
good outline of the physical features of the Rocky Moun- 
tainsf. From the Missouri river westwards the whole country 
gradually rises at an average grade of barely 10 feet to the 
mile, until west longitude 105*" 80' (approximately) is reached, 
when the Rocky Mountains rise abruptly from the plain. 
From this line the ranges extend to somewhat beyond west 
longitude 108°, when they rapidly fall oflF to the great 
plateau separating the Rocky-Mountain region from the 
broken ranges of Utah and Nevada. 

The ranges comprising the great system under considera- 
tion appear to be in two series — the first comprising the two 
complex axes of elevation, the front or Eastern and the Sangre 
de Cristo, whose trend is from the north 10° west to north 
80P west ; while the second is made up of the San Juan, Los 
Pifios, La Plata, and San Miguel, which have a trend of 
north 80° west, to north 4j5° west. 

Each series shows a parallelism of its ranges, and the 
whole system terminates en ichelon southwards, most of the 
axes ending within Colorado. 

The observations of Dr. Newberry and Mr, Gilbert show 
that minor axes occur in New Mexico. 

These are apparently independent of each other and of the 
main axes in Colorado, but it is by no means improbable 
that futiire examinations will disclose some more intimate 
relation than has been suspected. This range is composed 
of metamorphic rocks, which are badly fissured by dykes of 
lava. The schists are much torn and faulted, and side-throws 
of mineral veins are by no means uncommon. 

In some of the ca&ons which cut deeply into the flanks of 
the mountains a compact granite, more or less syenitic, is 

* Quoted from Dana, p. 406. 

t See last two paragraphs in the description of Plate Xl., p. 50. 
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seen^ which seems to prevail along the median line of the 
axes^ having been observed near the head of Clear Creek 
Canon as well as in the walls of the amphitheatre containing 
Chicago Lake. The sedimentary rocks occur in ''hog- 
backs ^' along the eastern base^ and curve round the southern 
termination of the several axes. They pass round the Green- 
horn Mountains into Huerfano Fark^ where they are more 
or less concealed by the great overflow of volcanic rocks. 

The dips of the metamorphic rocks of this range are for 
the most part northerly, either north-west or north-east, and 
no satisfactory anticlinal or synclinal structure could be 
made out *. 

Between the eastern range and the one next westwards, 
there occurs a series of Parks separated by outlying spurs 
from the mountains. 

In Smith Park the Cretaceous rocks rest directly upon the 
metamorphic rocks, and are themselves more or less altered. 
In no locality were they seen resting upon any sedimentary 
rocks older than themselves. 

The Second Range, which may be termed provisionally the 
Sangre de Crista axis of elevation, is in the main almost 
parallel with the Eastern range, but is much more complex 
in its structure. 

It is divided longitudinally by the Arkansas River, which, 
turning eastward, breaks through its eastern slope. North- 
ward beyond our area, it is cut by the Grand River. In its 
northward extension, within our area it is known as the Blue 
River Range; further south, where it forms the western 
boundary of the South Park, it is the Park Range ; in its 
southern extension it is called the Sangre de Cristo and 
Spanish range; while beyond our limits, to Santa F^, where 
it ends, it bears several names. 

On the eastern slope of the Park range the Palaeozoic rocks 
reach quite the crest, and are traceable from the Sangre de 

• The Metamorphic Rocks are shown as Archsean in Mr. McGee's map. 
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Cristo to our Borthera line. Underlying them are meta- 
morpbic schists and gneisses^ whidi are seen in the deep 
canons along the eastern face^ whUe on the western slope they 
extend fnm the river^s level abnost to the crest, and are exposed 
all the way from the South Arkansas to the mouth of the 
Tennessee Creek. 

The high ridges of metamorphic rock thrust out from each 
side of the Arkansas gorge demonstrate the continuity of the 
whole, and give a satisfiEtctory succession unbroken anywhere 
except by the cafion. 

In the main portion of the second group no rocks occur of 
later date than the Carboniferous, which, with the underlying 
Silurian, may be traced along the eastern face to the Blue 
Biver, nor do any occur until we reach the ancient synclinal 
trough which lies between the second group and the next 
one westward. There the Cretaceous rocks are involved in 
the great fold exhibited near the head of Bock Creek. 

The Third great axis or line of elevation is the San Juan, 
so named because in its southern prolongation it forms the 
Sierra San Juan. It reaches into New Mexico and ends not 
far from Abiquiu, somewhat further north than the termina- 
tion of the Sangre de Cristo axis. 

As already stated, the main axis is for the most part buried 
under a great mass of volcanic rocks, which conceals those of 
sedimentary origin. In Northern New Mexico the western 
slope is bare for a number of miles, and near Sierra Amarilla 
the exposures show very marked unconformity between the 
Carboniferous and the overlying rocks. The older formations 
are overlaid at a very high angle, while the Cretaceous and 
Triassic ?, which are conformable to each other, have a very 

small dip. 

The next great axis is the Los Pifios, and is in part the 
divide between the Bio de los Finos and the Bio Fiedra. 

The only rocks seriously involved in this anticlinal are the 
Carboniferous and probably the Silurian, though the latter 
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were Boi satis&ctorily recognised. On each side ai the foldj 
which 18 not more than fiye or six miles jfide, the Cretaceous 
rocks are seen forming mesas and dipping only two or three 



The next axis, termed La Plata by Dr. Newberry^ forms in 
part the divide between the Bio de la Plata and Bio de las 
Ammmn. The Only rocks involved are the Pabeosoic, against 
which the Triassic and Cretaceous abut at an angle of barely 
2^. This anticlinal, as well as the Los Pinos, has been much 
broken by eruptions of volcanic rocks, which in many places 
have overflowed and formed a thick cap on the hills. 

In general, respecting the dips it may be said that the pre- 
vailing direction is east-north-east and west-south-west, and 
the western dips are for the most part somewhat steeper than . 
the eastern. The most extensive faults are on the easterly 
slope asid cross the easterly dips. The most marked effect of 
the convulsions occurs on the easterly lines, the first and 
second axes, which are characterized by extensive faults and 
sharp dips. Crossing westwards or south-westwards, the dip 
diminishes in steepness, until in the La Plata they are com- 
paratively slight^. 

Prof. John Stevenson, to whose work I am indebted for 
the preceding description, sums as as follows f : — The first 
great epoch of accelerated disturbance in the Rocky^Mountain 
region resulting in permanent elevation of the sturface, was syn^ 
chronous with that during which the Appalachian chain was 
completed. 

'' The Rocky-Mountain system then is the result of four 
especially marked upheavals — the first at the close of the 
Carboniferous, the second at the close of the Trias, the third 

• "Structure and Age of the Rocky-Mountain System," "Geology 
of a portion of Colorado examined in 1873.** Report of Geographical 
and Geolo^cal Surveys west of the 100th Meridian, pp. 488-498 ; vol. iii., 
Geology, 1876. 
t Ibid. p. 409. 
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at the close of the Cretaceous^ and the fourth during the 
Tertiary. Of these the first and third were the most general 
in their effects/' 

It will be well to give here Mr. Stevenson's description of 
the adjoining areas of North Central New Mexico and South 
Central Colorado *. '' This district includes portions of two 
great drainage areas^ that of the Arkansas and that of the 
Bio Grande, and lies wholly east from the continental divide. 

'^ The divide between the area of the Rio Grande and that 
of the Arkansas does not coincide wholly with the ranges 
designated on the map as the Culebra Mora and Las Vegas, 
for in several instances streams break through these moun- 
tains, and the divide is found as often in the lower as in the 
higher ridges. 

'' The Culebra axis enters the district from the north, and 
is continuous southwards to Bemal Mesa, at the extreme 
southern border of the area examined. Its course is shown 
by the Archsean core of the Culebra, Taos, Mora, and Las 
Vegas Ranges. 

'' The Cimmaron axis may be regarded as beginning near 
the Spanish Peaks at the north, and extending southward to 
very near latitude 85^ 3ff in New Mexico. It is divided into 
the Stonewall and the AnticUnaly which require separate con- 
sideration. 

'' The Coyote Sjmclinal. — ^This trough lies between the Cim- 
maron and Culebra-Mpra axis. The expansion of the Mora 
Archsean thrusts the Carboniferous area eastwards, so that it 
is followed by Coyote Creek from the head of the stream to 
Coyote. 

" The Cimmaron axis becomes very strong between Sapello 
and Gallinas Creeks, and the Archsan rocks form bold hills 
for several miles north from the latter creek ; while they are 
shown also in the deep Cafion by which the creek crosses the 
aoAs, 

* Survey west of the lOOth Meridian, vol. iiL, Sapplement. Quoted 
in abstract.. 
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PLATE X. 

Geological Map, showing part of the Rocky-Mountain Region and the 
Plateau System of Colorado, constructed from the map hy Mr. W. J. 
McGee before referred to, showing the areal distribution of Geologic 
groups in the United States (1884). The shading is on the same system 
as maps. Plates VII. and VIU., the Tertiary beds being shown in black/ 
the Archsdan in white, with intermediate shades for the intervening 
formations. A comparison of this with the map of the Appalachian 
Region (Plate VIII.) will show how the Palaeozoics of the Rockies, 
which were plicated synchronously with the Appalachian Ranges, were 
afterwards buried under great mass*is of sediment, which extended over an 
immense area beyond the immediate region of the Rocky Mountains, 
since which the whole have been flexed and upheaved in a complex 
manner, and denuded as explained in the text. 
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PLATE XI. 
Sections through the Jtockt/'Mowttain Region westwards. 

Parts of Section from Longitude 104^ to Longitude 120^, in the 
direction of line AB in Map; Plate X« 

The Sections, Fig. I (1 to 3) are continuous. 

Sections Figs. 2, 3, 4 are in the same line, but discontinuous, haying 
intervals equal to the length of each section between them. To better 
identify the positions of the sections, I have marked the degrees of Longi- 
tude at the foot of each section. 

The Sections are selected (with a view to exhibiting the characteristic 
structure of the region) from the Adas accompanying the Report of the 
Geological Exploration of the Fortieth Parallel, by Clarence King, 
G^ologist-in-charge (1876), referred to in the text. 

The original sections are coloured. I have substituted line-shading 
and lettering to distinguish the Geological Formations. 

My object in the system of shading adopted has been to develop the 
structure to the eye. For simplicity I have grouped the various beds 
together under the following reference letters : — 

A. Tertiaiy. 
6. Cretaceous. 

C. Jurasso-Triassic. 

D. Carboniferous. 

E. Devonian. 

F. Silurian. 

G. Cambrian. 
H. Archaean. 

The Sections proceed from left to right in the order of the numbers at 
the termination of each Section. 

The district examined by Prof. Stevenson in 1873, and described in 
pages 44 to 47, lies to the south of this line of section, or from 89^ 45' 
north latitude to the southern boundary of Colorado, a distance of 
190 miles, and between the meridians 106^ and 107^ west from Green- 
wich, or about 100 miles. It exhibits '' the grandest development of the 
Bocky Mountains to be found within the United States. The ranges are 
more massive, more sharply defined ; and the average elevation is much 
greater than in any other portion of the Chain.'* 

The Spanish Ranges described in pages 49 and 51 '' are virtually a 
continuation of the Sangre de Cristo Range of Southern Colorado, termi- 
nating northwards in N. latitude 35<' 20'." 
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" The intimate relation existing between the ranges is such 
that there seems no room for doubting that in their present 
shape they are synchronous. The last great period of up- 
heaval was later than the close of the Laramie^ for the 
Laramie rocks cross the Cimmaron axis at Pofiil Fass^ and 
traces of them remain in the Moreno valley near its northern 
termination^ and much prior to the outpouring of the tra- 
chytes ; for the line of contact between the Archaean and the 
last overflow in Cimmaron Canon is an almost horizontal 
plane^ showing that erosion had been long at work before 
the lavas overspread that region/' 

Mr. Stevenson observes that there are enormous conglo- 
merates at the base of the Carboniferous along the Culebra 
and Taos ranges^ as well as for miles along the Mora range. 
At nearly all the localities where the full succession is shown, 
the whole series seems to be conformable. 

The dips of the Archsean rocks are much confused^ and the 
distortion in most localities is so great that neither the suc- 
cession of the strata nor the general structure could be made 
out during the brief examinations. Positive proof of non- 
conformity to the overlying Carboniferous is not easily 
obtained ; usually the distiirbance near the junction of the 
two series is very violent, and the rate of dip changes 
greatly within a short distance, sometimes becoming even 
reversed. 

As the Cimmaron Range was formed at the close of the 
Cretaceous, erosion must have been at work with great energy 
during the Eocene, for the Archaean crust was reduced to a 
plateau prior to the trachyte overflow which covered this 
range from Old Baldy southward to Rayado Creek. 

A thick deposit of allurium crowded with boulders of 
Archaean rocks, evidently transported from the mountains 
of the west, underlies the basalt on this mesa. During the 
early Pliocene the basalts were poured out, covering the 
mesas, flowing down to the plains, and filling the canons, so 

e2 
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that the aspect of the region was wholly changed. The 
erosion since that time has been little less extensive than 
that performed during the Eocene and Miocene^ though it 
-has been confined very largely to the reopening of old 
channels. But the basalt plate has been removed from the 
plain bordering on the Upper Canadian "^^ 

The Geological Map of the region of the Bow and Belly 
rivers, prepared by Dr. Gteorge M. Dawson f, shows the 
extension of the Rocky-Mountain system into Canada beyond 
the 51st parallel. There are no exposures of Archseans in 
the area shown on the map. The Cretaceous strata of the 
Foot Hills, extending from the United-States boundary to 
the north of the map and between the 113th and 115 th 
meridians, are much folded and disturb^. The Porcupine 
Hills, composed of Laramie beds, occupy a synclinal trough ^. 
The ridges of the Livingstone Range and the Rocky Moun- 
tains are composed of Palaeozoic strata protruding through 
the Cretaceous. 

The Cretaceous and Laramie, as shown in the section 
referred to^ are folded, in some cases vertically, and planed off 
on the edges by denudation. Dr. Dawson says that ^^the 
ridges, with the strike of the rocks which they indicate, show 
A nearly complete parallelism with the base of the Palaeozoic 
rocks of the mountains, and follow it in its light sinuosities. 
Long ridges, either covered with vegetation or having rocky 
summits formed by the outcrop of the harder sandstones, 
alternate with parallel valleys, in which streams flow, while 
the rivers whidi have their sources in the mountains have 
cut their channels across at right angles ''§. The report on 
this interesting r^on is well worthy of study. 

* Report upon the Geological examinations in Southern Cdorado and 
Northern New Mexico during the years 1878-79, by John J. Stevenson : 
U. S. GeoL Survey west of the 100° Meridian. Vol. iii. Supplement. 

t Geological Survey of Canada : Report of Progress, 1882-84. 

X Ibid. ; see section, p. 106 C. 

S Ibid. p. 11 C. 
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Mr. H. Bauerman^ in a Report on the Geology of the 
Country near the 49th parallel of North Latitude west of the 
Rocky Mountains ^, shows that the Palaeozoics constitute the 
mass of the Rocky-Mountain region from the Saskatchewan 
river to the Mooyie river. Westward of these come gneissic 
rocks and granite, then Palaeozoic and Archaean, and finally, 
east of the Fraser river. Cretaceous rocks enfolded in a 
synclinal. 

The Basin-Range System. 

Mr. G. K. Gilbert, in his valuable Report on the ^ Geology 
of portions of Nevada, Utah, California, and Arizona/ gives 
the following description of the Basin-Range System. 

" Throughout South-western Arizona the ranges consist of 
highly crystalline schists, in which no fossils have been found, 
and against these no beds are found to be of greater deter- 
mined age than the Quaternary gravels. A few of them, 
which are adjacent to the Plateau system, are demonstrated 
to have been first upheaved at some time anterior to the 
Carboniferous, and again at some time subsequent to the 
Carboniferous. Further north, iii Southern Nevada and 
adjacent portions of Utah and California, Silurian and Car- 
boniferous strata have been identified at numerous points in 
the upheaved masses, and it is presumable that their prin- 
cipal elevation was coeval with that of the first and chief 
elevation ot the Wahsatch Mountains and the Sierra Nevada, 
proved by Whitney and King to have occurred at the close 
of the Jurassic period ''f. (Geol. Exploration 40th Parallel, 
vol. iii. p. 3.) '' There is further evidence on the borders 
between the Basin-Range System and the plateau in Utah, 
that disturbances acting along the original line of Jurassic 
elevation have occurred later than the Eocene Tertiary, but 

♦ Geol. Survey of Canada : Report of Trop^reaa, 1882-84, pp. 5 B-42 A. 

t Prof. Jules Marcou considers that the Sierra Nevada are of Azoic or 
ante Primordial age (" G^ologie de la Califomie,*' Bull, de la Soc. G^olo- 
gique de France, 1883). 
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of the geographical limits among the ranges of these move- 
ments little can be predicted from the stratigraphical data 
now at hand '' (p. 24). 

The Basin-Range area in its longer axes is meridional^ 
and its width where best known is from 225 to 500 miles. 
On the 40th parallel it extends from the Sierra Nevada 
eastwards to the Wahsatch Bange^ which latter it includes. 
South of this line the Sierra Nevada may be regarded as its 
western limits and on the east it is bounded with less regular 
outline by the Colorado Plateau System. *' The ridges are 
composed of^ first sedimentary strata^ in part unaltered and 
in part subjected to various degrees of metamorphism ; 
second^ granite and cognate rocks ; and thirds volcanic rocks. 
The lines of structure are in general parallel in each range 
to the trend of the range. The granite occupies various 
positions. Often it is the nucleus of the range against which 
the inclined strata rest. Elsewhere it Appears in dykes tra- 
versing either sedimentary rocks or other granites. While 
the ranges are locally parallel^ there is considerable change 
of direction in the system as a whole. The volcanic rocks 
are seen to be of more recent date, since they overlie both 
granites and sedimentary rocks, and are found as dykes inter- 
secting them/' 

Structure of Ridges. — " In the great majority of the ranges 
I have just described, and in an equally large proportion of 
others, in regard to which my observations were too cursory 
to warrant individual mention in this connexion, the best 
exhibit in cross section but a single direction of dip. Either 
the strata in a single body incline from the crest to the base 
of the range, or they are divided by a system of faults, trend- 
ing parallel to the range, into several bodies, which dip in 
one common direction. In these cases the ranges may be 
called simple and compound monoclinals. Next in frequency 
are sections in which there appear at the base of the mono- 
clinal escarpment strata dipping in the opposite direction. 
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'* Pure anticlinals are exceedingly rare, but in a number of 
instances greatly shattered and dislocated rock-masses assume 
a quasi-anticlinal form. 

'^ It is impossible, by any hypothetical denudation, to for- 
mulate the basin-ranges as remnants of a system of anticb'nal 
and synclinal folds. The movements of the strata by which 
the ridges have been produced have been in chief part 
vertical along planes of fracture, and have not involved 
great horizontal compression.''* 

Mr. Gilbert considers the same forces acting over large 
areas have produced both the Basin-Range System and the 
Plateau System. 

The Three Geological Provinces. 

It will enable us to form a better idea of the relations of 
the mountain systems already described, if we study the 
following description by Capt. C. E. Dutton, who has done 
such important and suggestive work in Utah t* 

'' For convenience of geological discussion Prof. Powell 
has divided that belt of country which lies between Denver 
City and the Pacific, and between the 34th and the 43rd 
parallels, into provinces, each of which, as far as known, 
possesses structural and topographical features which distin- 
guish it from the others %. The easternmost division he 
has named the Park ProWnce. It is characterized by lofty 
mountain-ranges, consisting of granitoid and metamorphic 
rocks, pushed upward and protruded through sedimentary 
strata, the latter being turned upwards upon the flanks of 

• Report upon Surveys west of the 100° MeridiAn, vol. iiL G^logy, 
1875 : Part 1. Geology of portions of Nevada, Utah, Califomia, and 
Arizona, hy G. K. Gilbert, A.M. 

t " Report on the Geology of the High Plateaus of Utah," U. S. Geo- 
graphical and Geological Survey of the Rocky Mountain Range, 1880, 
pp. 6-7. 

X " Report on the Geology of the Eastern portion of the Uinta Moun- 
tains, U. S. Geol. and Geogr. Survey of the Territories, 1876, chap, i," 
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the ranges^ and their edges truncated by erosion. The 
general transverse section presented by these ranges^ on the 
assumption that the sedlmentaries prior to the uplifting 
extended over their present loci, is that of a broad and 
extensive anticlinal sometimes profoundly faulted parallel 
to the trendy the sedimentary strata which may once have 
existed being removed by erosion. The intervening valleys 
still retain the Sedimentary series^ including the Tertiary 
beds. This form of mountain structure^ with its resulting 
topographical features^ gradually passes as we proceed west- 
ward into another type^ arising from the decreasing frequency 
of the greater displacements or differential vertical movements 
of the earth^s surface ; bat such movements as have occurred 
have been vast in extent and involve greater masses, though 
the displacements have been fewer in number. 

^' Great blocks of country have been lifted with a singular 
uniformity with comparatively little flexing, and with little 
disarrangement, except at the fault-planes which bound the 
several blocks. 

''These divisional lines are sometimes sharp trenchant 
faults, sometimes that peculiar form of displacement to 
which Messrs. Powell and Gilbert have given the name of 
monoclinal flexures, and a fault or series of faults with all 
shades of relative emphasis. If we look solely at the amount 
of energy displayed in the vertical differential movements, 
we shall probably reach the conviction that it does not fall 
much, if any, below that required to build the most imposing 
mountain-ranges; yet within the limits of any one of the 
great blocks into which this country has been divided, the 
strata have preserved their original attitudes with a singu- 
larly small amount of warping, flexing, and comminution. 

" Sometimes the blocks are slightly tilted, causing a slight 
dip, and in the immediate neighbourhood of a great dislo- 
cation a single flexure of the beds is usually seen ; but on 
the whole the amount of bending and undulation is very 
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small. This small amount of departure from liorizontality 
of the beds as they now lie has played its part in the deter- 
mination of the topographical features as they appear in the 
landscape^ and justifies the name which has been applied to 
it with one accord by all observers. The Plateau Countky. 

'' West of this province lies a third one — ^the Great Basin. 
Its topography and structure are characterized by jagged 
ranges of mountains, ordinarily of very moderate length and 
separated by wide intervals of barren plains. These ranges 
are usually monoclinal ridges produced by the uptilting of 
the strata along one side of a fault. Sometimes the faults 
are multiple ; that is, consist of a series of parallel faults, 
the intervening blocks being careened in the same manner 
and direction. This repetitive faulting is of frequent occur* 
rence. Other modifications, and even different types of 
structure, are presented ; but there is throughout the Great 
Basin a striking predominance of monoclinal ridges, in which 
one side of a range slopes with the dip of the strata, while 
the other slopes lie across the upturned edges. The forms 
impressed upon these masses by erosion are rugged, bristling, 
and sierra-like, and their peculiarities are aggravated by the 
fact that before these ' mountains were brought forth ' the 
platform of the country from which they arose had been 
plicated, and the plication planed down again by erosion. 
The Basin area is the oldest of the West, its final emergence 
being of older date than the Jurassic, and most probably as 
ancient as the close of the Carboniferous.'' 

The Cretaceous-Eocene strata forming the main mass out 
of which the Plateau Province was blocked in the way so 
graphically described by Captain Dutton, is with few excep- 
tions conformable from base to summit. It is from 6000 to 
15,000 feet thick, and covers more than 100,000 square miles. 

The whole series abounds in coal and carbonaceous shales, 
and remains of land-plants are abundant even when carbona- 
ceous matter is absent. 
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Captain Datton considers that the heaviest masses of the 
Cretaceous-Eocene were derived from the Uinta and Wah- 
satch ranges^ pointing out that from the former 30^000 feet^ 
of strata have been removed since their emergence and from 
the latter much more^ \vhile the Great Basin suffered degra- 
dation to the extent of several thousand feet. 

Then a new era of erosion began^ resulting in the destruc- 
tion and dissipation of these great bodies of sediment which 
had been gathered and stratified during Mesozoic and Eocene 
times. 

From the inception of the process the drainage system has 
been the plexus of streams which unite in the Colorado River. 
Through this trough the waste of the land has been carried 
into the Pacific. The river is older than the structural 
features of the country. Since it began to run^ mountains 
and plateaus have risen across its track and those of its tribu- 
taries^ and the present summits mark less than half the total 
uplifts f. The average denudation of the Plateau Province 
since the closing periods of the local Eocene are approxi- 
mately estimated by Captain Dutton at 6000 feet^ the 
amount varying enormously, being in some localities prac- 
tically nothing, in others nearly 12,000 feet. It is at a 
minimum in the High Plateaus, where the average denuda- 
tion will fall below 1000 feet in the sedimentary beds. 
Enormous floods of volcanic emanations have protected 
them, and borne the brunt of the erosion, giving rise to 
local accumulations of subaerial conglomerates in all the 
valleys and plains surrounding the volcanic areas %- 

The High Plateaus are remnants of great masses of Ter- 
tiary and Cretaceous strata left by the immense denudation 
of the Plateau Province. Not only the Eocene and Creta- 
ceous, but the Jurassic, which has great importance and 

* This was deteimined by Powell, as we shall see when we come to 
tsonsider the Uinta range separately in fuller detail. 

t High Plateaus of Utah, p. 16. J Ibid. p. 23. 
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bulk in the northern and north-western portions of the 
province, has been enormously eroded. 

The Oreat Basin lies at a lower mean level than the 
Plateau country, and here the predominance of the High 
Plateaus is due to a different cause. 

The difference of altitude is due to displacement and not 
erosion (uplifting. Captain Dutton thinks). Those cliffs, 
which had their origin in displacement, with few exceptions 
face westwards. The country to the east of them, and also 
the belt of country which they occupy, has been elevated 
from 5000 to 6500 above the country to the west of them. 
'' The passage from west to east across the belt of country, 
which may be called the border-land between the two 
provinces, discloses a succession of faults and monoclinal 
flexures which are obvious results of such a displacement.'* 

I have dwelt at considerable length on the Geology of the 
western side of the United States, because in that region are 
to be found several types of mountains in contiguity, and 
because it is here that some of the battles on the origin of 
mountain-ranges have been fought. Men of such lively 
intelligence as the eminent officers of the United States 
Geological Survey could not be brought in contact with 
mountain phenomena on so large a scale, and possessing 
such distinct and peculiar features, without formulating 
some theory of their origin. 

To these and the views of Profs. Le Conte and Dana I shall 
have occasion to refer hereafter. It will be well now to take 
a glance at mountains in other parts of the world, and the 
excellent ' Handbook of the Geology of India,' by Messrs. 
Medlicott and Blanford, will enable us to do this. When- 
ever it is possible I will, as in the preceding pages, give the 
description in the author's words, as I wish the reader to 
form his conception of the phenomena described through 
the eyes of those who have seen them, rather than after 
filtration through my mind. 



eU GEOLOGICAL PHENOMENA ASSOCIATED 

Oeolooy of India and Structure of the Himalayas. 

Peninsular India. 

Messrs. Medlicott and Blanford divide India into two 
Geological provinces^ viz. the Peninsular and Extra-Penin- 
sular areas, the Indo-Oangetic plain lying between them. 
This plain is an immense expanse of flat country stretching 
from sea to sea, entirely composed of alluvial deposits of 
very late geological age, and dividing the hilly ground of 
the Peninsula from the various mountain- and hill-ranges ot 
Sind, the Punjab, the Himalayas, Assam, and Burma. The 
Oeology of these regions is widely different, and even in the 
character of the surface there is a marked contrast due to 
the great effects produced by disturbance in late geological 
times throughout the Eictra-Peninsular region — an effect 
culminating in the elevation of the Himalayan chain ; whilst 
in the Peninsula there appears to have been singularly little 
contortion or alteration of the strata after a very early period. 

The Yindhyans of Bundelkhand and Central India are 
certainly not newer than Lower Palaeozoic; yet they are 
nearly horizontal throughout the greater part of their area ; 
and they are far less tilted and folded than the Pliocene 
Siwaliks along the base of the Himalayas, and of the Punjab 
and Bind mountains on the opposite side of the Indo-Gangetic 
plain*. 

The peculiarity of all the main dividing ranges of India is, 
that they are merely plateaus or portions of plateaus that 
have escaped denudation. There is not throughout the 
length and breadth of the peninsula, with the possible 
exception of the Arvali, a single great range of mountains 
that coincides with a definite axis of elevation; not one, 
with the exception quoted, is along an anticlinal or synclinal 
ridge. Peninsular India is in fact a tableland, worn away 

• Vol. i. p. iii. 
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by subaerial denudations^ and^ perhaps to a minor extent^ on 
its margins by the sea ; and the mountain-chains are merely 
the dividing lines left undenuded between different drainage 
areas (differentially denuded?). 

'^ Where the rocks are so ancient as those are that form all 
the southern portion of the Sahyfidri^ it is almost impossible 
to say how far the original direction of the range is due to 
axes of disturbance ; but the factthat all the principal eleva- 
tionsj such as the Nilgiris^ Palnes^ &c.^ some peaks of which 
rise to over 8000 feet^ are plateaus and not ridges^ tends to 
show that denudation has played the principal share in deter- 
mining their contour/'* 

There is a remarkable absence in the«Indian Peninsula of 
any evidence of disturbance in late geological times. 

The Arvali differs from the other great ranges of India 
in being entirely composed of disturbed rocks^ with the axes 
of disturbance -corresponding with the direction of the chain. 

The formations found in the Arvali range belong to the 
transition rocks^ and are of great antiquity; for the most 
part they are much altered ; they are quite unfbssiliferous^ 
and there is evidence which renders it probable that the ele- 
vation of the range dates firom a period anterior to the 
deposition of the Yindhyan rocks^ themselves of unknown 
age^ but almost certainly not of later date than older Palaeo- 
zoic ; whilst the fact that these Yindhyan rocks are found 
almost horizontal in the neighbourhood of the Arvali range^ 
on both sides of the chain^ shows that here as elsewhere in 
the Peninsula the forces which have affected the non*penin<- 
sular area in later geological epochs have not been felt.t 

Mountain-Rangea of the Extra-Peninsular Area. 

Passing to the other side of the Indo-Oangetic plain^ no 
matter whether the region be reached to the westward in Sind 
and the Punjab^ to the northward in the Himalayas^ or to 
• VoL i. p. V. t Vol. i. p. Til. 
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the eastward in CbittagODg and Burma^ the mountain-ranges^ 
with the exception of a portion of the Assam range^ are 
everywhere composed of disturbed and contorted beds^ and 
the disturbance has invariably affected rocks of late geological 
age. The amount of alteration may be small or great : the 
hills may consist of simple anticlinal folds, as in Sind, or of 
the most complicated inversions, as in parts of the Hima- 
layas ; the strike of the bedding may vary from east and west 
to north and south ; but two characters are constant, great 
disturbance affecting all the formations, and the coincidence 
of the direction of the ranges with synclinal and anticlinal 
axes.* 

Sind and Western Punjab. — ^In physical characters, as in 
geology, there is to some extent a passage between the two 
great and contrasting regions in the Western Indian provinces 
of Ouzerat, Katty war, and Cutch. The rocks of the Eastern 
Salt-Range in the Punjab differ from those of the western 
extremity, and the former approximate to the Peninsular 
type. 

Passing on to the Extra-Peninsular area, and commencing 
on the west in Sind, there are to the westward of the Indus 
several ranges having a general north and south direction ; of 
these the most important is the Khirthar, forming the western 
boundary of Upper Sind. But little is really known of the 
geography west of the frontier. 

The next range to the northward, the Sulemdn, forming 
the boundary of the Punjab, is again a north and south range 
like the Khirthar. 

The Northern Punjab is traversed by a series of ranges 
having a general east and west strike, but being frequently 
curved, the curvature being greatest in the Salt-Range, the 
most southern of all, and its continuation west of the Indus ; 
whilst the ranges near Pesh&war and Attock are more nearly 
east and west. 

• Vol. 1. p. vii. 
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Himalaya. — '^ The Himalayas may be considered as extend- 
ing from the Indus to the Brahmaputra ; these two great 
rivers between them almost encircling the mountain zone of 
Northern India. Of the great mountain zone thus defined^ 
the western portion alone is well known ; even here the 
geology requires much additional study. 

" The Himalaya^ considered as a whole, forms a curved 
belt of mountains with their convexity to the southward, 
running nearly from north-west to south-east to the west- 
ward, and from west to east to the eastward, the eastern 
extremity striking north of east. 

" But besides composing a great mountain-chain or series 
of chains, the Himalayas form the southern scarp of the 
Tibetan plateau, a tract of highland from about 12,000 to 
16,000 feet above the sea. The northern scarp of this plateau 
is formed by the Kuenlun, overlying the lower plains of 
Eastern Turkestan and the Gobi desert.^^ * 

'' The western terminal portion of the Himalayan chain — 
the only part as already stated that has been accurately 
mapped — comprises a number of great ranges, the majority 
of which have no settled appellations, but are commonly 
known by the terms applied to the passes through them, or 
by the names of the districts traversed. The principal of 
these ranges are the Mustagh, Lad&k, Z&nsk&r or B&ral&cha, 
and the Pir Panjdl. The Must&gh forms the northern water- 
shed of the Indus and its tributary the Shayok, and separates 
their drainage area from the upper waters of the Y&rkaud 
River. To the north-west the Must&gh range appears to 
curve round into the northeast-southwest chain of the Hindu 
Kush, and is of great height ; its culminating peak, the 
nameless summit known on the Great Trigonometrical Survey 
maps as K2, rising to an elevation of 28,278 feet, and being 
only second to Mount Everest. The Lad&k range intervenes 

* Vol. i. p. viii. 
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between the Indus and the Shayok. The Z&nsk&r range 
divides the Upper Indus from the Jhelum and Chin&b ; the 
north-western continuation forming the northern bouudary 
of the Kashmir Valley and terminating in the peak of Nanda 
Parbat. The Pir P&njal divides the Kashmir Valley^ drained 
by the Upper Jhelum^ firom the plains of the Punjab. All 
these ranges have a north-west to south-east direction ; and 
to the westward there is a singularly abrupt change in the 
strike^ as in the instance already mentioned of the angle 
formed by the Must&gh range and the Hindu Kush. 

'' It is doubtful whether any of the ranges already noted in 
the terminal area should be considered the prolongation of 
the main Himalayan axis^ although^ if any be a real con- 
tinuation of the Himalayas proper^ it is either the Pir Panj&l 
or the Zansk&r range. The main range of the Himalayas 
appears more probably^ so far as geological structure aflfbrds 
a clue^ to commence to the westward in the Dhauladh&r^ a 
minor ridge rising from the banks of the R&vi close to 
Dalhousie^ and extending to the east-southeast^ till it rises 
in the main survey range of the North-west Himalayas. 

''Many geographers distinguish two parallel ranges from the 
neighbourhood of Simla to the eastward — ^the Snowy range 
proper^ formed of the highest peaks^ and a more northern 
ridge forming the watershed between the Tibetan plain and 
the rivers running to the plains of India. Others consider 
the latter to be the true Himalayan range^ and look on the 
higher peaks as belonging to the spurs between the rivers 
flowing from that range. It is certain that the great peaks 
such as Nanda Devi (25,700 feet), Dhaulagiri (26,826 feet), 
Mount Everest (29,002 feet), Kinchinjinga (28,156 feet), 
Chumalari (23,929 feet), &c., are separated from each other 
by deep valleys through which flow streams coming from the 
northern range, and that although the peaks of the latter are 
inferior in elevation, the passes by which it is traversed are 
much higher; but it has not yet been ascertained whether 
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the great peaks are on the strike of any continuous band of 
rock, or whether they merely consist of hard nuclei left 
undenuded. 

'' Along the southern base of the Himalayas, and parallel 
with the general direction of the mountains, a series of com- 
paratively low ridges extends, formed of Tertiary rocks, and 
separated from each other, or from the rocks of the main 
ridge, by valleys called duns. These fringing ranges of the 
later formations are known generally as the Sub-Himalayas, 
the most important being the Siwalik Hills, a term especially 
applied to the hills south of the Deyra Dun, but frequently 
applied in a wider sense than its original application. To 
the eastward the Sub-Himalayan ranges are less conspicuous 
than to the westward; but they are only locally wanting 
altogether, and are to be traced almost throughout the 
Himalayan border, from the Punjab to Upper A^sam.^' * 

Geological Formations. 

In the Peninsular Area the total thickness of rocks is esti- 
mated at over 75,000 feet, of which 34,000 are Azoic, 13,000 
Palaeozoic, 26,000 Mesozoic, and 2,700 Cainozoic. 

There is throughout a remarkable deficiency of f ossiliferous 
marine rocks, the few that occur being almost exclusively 
found in the neighbourhood of the present coast, or else in 
the desert between the Arvali chain and the River Indus, and 
none are older than the Jurassic. 

In the Extra-Peninsular areas, owing to difficulties created 
by the separation of the different tracts of Extra-Peninsular 
India comprised in British Territory by regions such as 
Nepaul and Afghanistan, entirely inaccessible to Europeans, 
the correlation of the various formations in the Extra- 
Peninsular region with one another is more imperfect than 
in the Peninsular area. 

With the exception of Sind, there are but two localities in 

* Vol. i. p. X. 
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Extra-Peninsular India where peninsular rocks are found. 
One of these is at the base of the Himalayas^ in Sikkim and 
Bhut^n^ where fossiliferous Damuda beds occur. The other 
is in the Assam hills^ where representatives of the meta- 
morphic and Cretaceous (marine) rocks of the Peninsula^ and 
in all probability of the transition beds of the Bijmah£l traps 
are found*. 

Representatives of the Pliocene^ Miocene, Eocene^ Cre- 
taceous^ Jurassic, Triassic, Permian, Carboniferous, and 
Silurian are found in the Extra-Peninsular area, and below 
them in places gneiss of unknown age, and the central gneiss 
of the Himalayas. 

The thickness of the formations has only been determined 
in a few instances. The amounts are very great, the Tertiary 
rocks alone attaining a vertical development in places in 
Sind of nearly 80,000 feet. 

South America. 

The Andes. 

This system of mountains, in some respects, perhaps, the 
most remarkable in the world, is, compared with the preceding 
systems, structurally very imperfectly known. From this 
reason I shall not have much to say with regard to these 
great ranges, but it will perhaps help our purpose if I give a 
slight outline of what is known of them. 

Physical Aspect, — ^The Andes mountain-system in the 
larger part of its extent consists of two parallel chains, whose 
crests are separated by broad plateau-like valleys from 20 to 
60 miles wide, and from 8000 to 13,000 feet high. Near 
the northern termination there are three diverging chains 
instead of two, and near the southern there is but one. 

Numerous cross swells or mountain knobs connect the 
ranges separating the high intervening valley into a number 

* VoL i. p. XV. 
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of distinct basins. The broadest and highest of these is the 
Plateau of Bolivia, opposite the Gnlf of Arica, the great 
indentation of the Pacific coast. 

The altitude of the Andes increases from the Isthmus of 
Panama southward to the plateau of Bolivia, where the 
crests rise to 16,000 feet, and the highest peaks are from 
20,000 to 25,000 feet in elevation. The breadth of the system 
is only from 200 to 300 miles. The slopes are abrupt, and 
deeply cut by transverse valleys. No longitudinal valleys 
occur in the western slope, and but few in the eastern slope 
of the Central Andes. 

The summit of the ranges is not a narrow sharp ridge, but 
is often a plateau-like expansion, sometimes several miles 
broad, from which numerous volcanic peaks rise abruptly *. 

There are, therefore, several remarkable features possessed 
by this range — ^length, altitude, straightness of direction, 
narrowness, and the presence of volcanoes. 

In 1846, Mr. Darwin published an account of the Geo- 
logical structure of the Chilian Cordillera and the southern 
parts of South America f. Mr. Darwin's opportunities of 
geological surveying were only those given by a few traverses 
of these mountains. With his usual insight he probably made 
better use of his time than any one else could have done in 
his day. The knowledge of mountain-structure was unfortu- 
nately at that time not sufiBciently advanced to enable him to 
formulate his observations in a way to satisfy the modem 
student of mountain-geology ; but his remarks and generaliza- 
tions display so much acuteness that they are well worthy of 
study. 

Mr. Darwin shows that from Tres Montes to Copiapo, and, 
as he believed, much further, the shores of the Pacific are 
composed of metamorphic schists, plutonic rocks, and more 
or less altered clay-slate. On the floor of the ocean so con- 

• Physical Geography, by Arnold Guyot. 
t Reprinted in * Geological Observations,' 1876. 

f2 
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stituted^ in profoundly deep water^ vast streams of various 
purplish clay-stone and greenstone porphyries were poured 
forth^ together with great alternating piles of angular and 
rounded fragments of similar rocks ejected from submarine 
craters. At the period when these ceased to be erupted^ the 
great pile of strata which Mr. Darwin called the Gypseous 
formation was deposited^ and feldspathic lavas^ together with 
other singular volcanic rocks^ were occasionally poured 
forth. 

At the commencement of the Gypseous period^ the bottom 
of the sea seems to have been peopled with shells^ not many 
in kind^ but abounding in individuals. These shells^ in the 
opinion of all the paleontologists who examined them^ belong 
to the earliest part of the Cretaceous system^ or what 
Mr. Darwin calls the Cretaceo-Oolitic. The strata in this 
formation are composed of black calcareous shaly rocks^ of red 
and white, and sometimes siliceous sandstones^ of coarse 
conglomerates, limestones, tuffs, dark mudstones, '' pseudo- 
homstones,^^ vast beds of gypsum, and many other jaspery 
and scarcely describable varieties, which vary and replace 
each other in short horizontal distances, to an extent un- 
equalled even in any Tertiary basin. 

Mr. Darwin thinks that in some parts of the Cordillera the 
upper beds of the Gypseous formation lie unconformably on 
the lower beds, and the whole Gypseous formation, in parts, 
unconformably on the porphyritic conglomerate. 

In Central Chile, after the deposition of a great thickness 
of the Gypseous strata, and after their upheaval by which the 
Cumbre and adjoining ranges were formed, a vast pile of 
tufaceous matter and submarine lava was acctmiulated where 
the Uspallata chain now stands. 

We have evidence, then, of a second great period of sub- 
sidence, accompanied, as in the case of the Cretaceo-Oolitic 
strata, as shown by the vertical trees embedded in the strata^ 
by local elevatory movements. 
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The ridges formed by the angularly upheaved strata are 
seldom of great length. The angular displacement has been 
much more violent in the central than in the exterior main 
lines^ but it has likewise been violent in some of the minor 
lines of the extreme flanks. The violence has been very 
unequal in the same short lines^ the crust having apparently 
tended to yield in certain parts along the lines of fissure. 
The andesitic rocks have in most cases been the last injected 
ones^ and they probably form a continuous dome under this 
great range. 

Mr. Darwin thinks that some of several parallel ridges 
composing the Cordillera were contemporaneously elevated 
and injected. In the case of the gigantic Portillo range^ '^ we 
may feel certain ^' that a pre-existing granitic line was up- 
raised at a period long subsequent to the upheavment of the 
parallel Peuquenes range^ and that the Uspallata range was 
formed subsequently to the Cumbre. chain. 

The manner in which the various kinds of porphyries and 
andesites have been injected one into the other^ and in which 
the infinitely numerous dykes of various compositions inter- 
sect each other^ plainly show that the stratified crust has been 
stretched and has yielded many times over the same points. 

Mr. Darwin also shows that elevatory movements have 
been taking place in the Andes over great areas even up to 
the present day. 

" In South America everything has taken place on a grand 
scale^ and all geological phenomena are in active operation. 
We know how violent at the present day the earthquakes 
are^ we have seen how great an area is now risings and the 
plains of tertiary origin are of vast dimensions.'^ The areas 
of the basal metamorphic and plutonic rocks of the continent 
are likewise vast^ and their plains of cleavage and foliation 
strike over surprisingly great spaces in uniform directions. 

This grand range of the Cordillera^ with its pinnacles rising 
here and there to 20^000 feet above the sea^ has suffered both 



70 GEOLOGICAL PHENOMENA. 

the most violent dislocations^ and slow though grand upward 
and downward movements in mass. 

The Cordillera, from Tierra del Fuego to Mexico, is pene- 
trated by volcanic orifices, and those now in action are con- 
nected in great trains. 

The permanence of volcanic action in this chain of moun- 
tains is also a striking fact, and it would appear that the 
Cordillera has been, probably with some quiescent periods, a 
source of volcanic matter from an epoch anterior to our 
Cretaceo-Oolitic formation to the present day.* 

There is one weak point in this wonderfully graphic de- 
scription of geological action and succession — ^it takes no 
account of lateral pressure. After what we now know of the 
Alps and similar systems, we should expect to find much of 
the strata folded, contorted, and involved ; but Mr. Darwin 
appeared at the time fully possessed with the prevalent notion 
that all or nearly all was due to '' vertical upheaval '^ and 
violent dislocation. 

To make the sections accompanying his description physi- 
cally intelligible and consistent, some system of anticlinal and 
synclinal folds seem required. 

As they are shown, the ranges seem to consist of detached 
blocks of strata, Mr. Darwin^s work was at the time a highly 
valuable contribution to the science of Geology, and much of 
its value still remains. 

• GeoL Obs. p. 602. 



CHAPTER VI. 

GENERAL REVIEW OF THE GEOLOGICAL EVIDENCE 

ASSOCIATING MOUNTAIN UPHEAVAL WITH 

PREVIOUS SEDIMENTATION. 

This enquiry is essentially one in which the evidence sought 
for should be gleaned from an extensive field. The descrip- 
tions already given being largely in the words of the several 
authors quoted^ necessarily contain a reflex of their indi- 
vidual views. This is, however, not without its advantages, 
as we are thereby enabled to more fully realize the reasons 
that have most influenced their conclusions. Facts and 
opinions, when placed in juxtaposition, often mutually ex- 
plain each other as well as making them easier of assimi- 
lation. 

A tendency, common to all minds, to look at facts through 
specially coloured media, is also more likely to be cor- 
rected. 

North America. 

The first important relation that arrests attention, is the 
dependence of the structure of the mountain-ranges on the 
actual thickness and natiire of the sedimentary deposits 
which preceded their uplift, and out of which they are 
mainly formed. We see that the upraising and folding of 
the remarkable anticlinal chains of the Appalachians, as 
pointed out by Dana, was preceded by the quiet deposition 
of some 40,000 feet of sedimentary rocks extending in vary- 
ing thickness over an immense area. Also, according to 
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the United-States geologists^ simultaneous uplifts occurred 
at the close of the Carboniferous in the district now the 
Western States and Territories of America^ after the 
deposition of great masses of sediment and limestones. 
But upon these latter areas were subsequently deposited a 
vast series of strata ranging from the Trias to the end of the 
Tertiary. 

According to Prof. Stevenson, movements of disturbance 
followed the Miocene period, but undoubtedly great earth- 
movements took place at the close of the Cretaceous and 
after the deposition of great volumes of sediment. Again, 
great but minor movements followed the Tertiary depo- 
sitions, and have continued in a greater or less degree to the. 
present time. 

Not only is it true that a real connexion is thus traced 
between sedimentary deposition and orographic displace- 
ment, but the converse holds good even in the areas of the 
western states. Mr. Clarence King says — after describing 
the orography of the territories comprised in the survey 
of the 40th Parallel* : — '' It is also a general law that those 
regions which experience elevation without local disturbance 
are the regions of relatively thin sediment superposed on a 
comparatively unaccidented Archaean foundation, whereas 
those which suffer the extremest plication are covered by 
the thickest deposits overlying and adjacent to the greatest 
Archsean mountain ranges.'^ 

It is unnecessary here to discuss the details of the succes- 
sive elevatory movements to which the regions between the 
eastern slope of the Rocky Mountains and the Pacific have 
been from time to time subjected, or to what extent they are 
separate and distinct in time, or successive, or continuous 
developments of the same disturbing causes. I prefer, for the 
pi'esent, to confine my views to the broad and salient facts. 

* * Geological Exploration of the 40th Parallel/ Systematic Geology , 
vol i. p. 761. (1878). 
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South America. 

If now we turn our eyes to the southern continent of 
America, we find that Mr. Darwin, forty years ago (an era 
in this department of geology), with his usual acumen, 
shadowed forth a somewhat similar set of geological condi* 
tions, commencing with the deposition of volcanic rocks upon 
a floor of gneiss and schist, and the subsequent deposit upon 
them of a great thickness of what he calls ^'Cretaceo- 
Oolitic *' strata, and he points out that the Cordilleras have 
been the seat of volcanic action — perhaps with periods of 
quiescence — ^from their inception up to the present time. 
Here again we find that sedimentation precedes mountain- 
building, and not only so, but that the development of vol- 
canic activity, as shown by the lava intercalated in the sedi- 
mentaries, does not necessarily mean the formation of moun- 
tains. In this case it was at first co-existent with great and 
extensive subsidence ; that is, if we accept Darwin^s views. 
Thus it is perhaps more strongly emphasized in the Andes 
than elsewhere that mountain-building cannot take place 
without a great previous laying down of rocks, whether com- 
posed of the ejectmenta of volcanoes, lava-flows^ or ordinary 
sediment. 

India. 

What is known of the Geology of India tells us the same 
great truth in a most picturesque and striking manner. 
Here we have side by side two great and remarkable areas — 
the Peninsular and the Extra-Peninsular. In the one we 
find an old plateau system very little disturbed, which the 
labours of excellent geologists tell us has remained land for 
untold ages, while the adjoining area has received enor- 
mous volumes of sediment. The Tertiary alone, measuring 
30,000 feet, has been upheaved and carved by denudation 
into the greatest mountain-system of the globe — the Hima- 
layas. 
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These two countries might have been placed before us as 
a great and striking lesson in physical geology. 

Britain. 

m 

If we turn to our own little isle^ the chosen home of 
geological observation, the same lessons are impressed upon 
us, blurred and obscured no doubt, but still readable. 

It is through the observations of the structure of far 
distant countries by observers who are now repaying the 
debts owing to the great fathers of English geology, that we 
are the better enabled to read the successive revolutions and 
movements of the earth which have produced the peculiarly 
involved geology of Great Britain and Ireland. It is the 
great glory of English geology that the stratigraphical suc- 
cession of most of the formations has been worked out in 
this small area, and a classification adopted which has been 
generally followed throughout the known world. This has 
been achieved by patient labour in the field and great insight 
on the part of a succession of eminent geologists, beginning 
with William Smith. 

But something more was wanted ; the human mind will 
not rest content with knowing that the crust of the earth 
can be arranged and ckssified in order of time. It enquires 
into causes, and insists on knowing the why and the where- 
fore. 

American geologists, by the enterprising nature of the 
surveys of their wonderful country, their elasticity of 
thought, their unwearying labours in the field, and by 
general ability, have contributed greatly to the solution of 
the intricate problems of mountain-structure. 

A succession of European geologists, who have made the 
Alps their special study, have added much to our knowledge 
of the mechanics of mountain-building. 

This information gained in fields afar has set us to work 
again in Britain, and perhaps for a time an analysis of the 
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structure of mountain-systems will be best carried on in the 
great basal remnants of gigantic ranges which exist in the 
north of Scotland and in Ireland. 

In the British Isles, as elsewhere, great movements of the 
earth, that is, movements producing bending, contortion, 
and permanent upheaval, have been ushered in by the pre- 
vious laying down of immense bodies of sediment. 

Thus, for the moment neglecting the Archean rocks^ we 
find that the Cambro-Silurian period was one of great sedi- 
mentation ; rock-masses of great thickness were deposited in 
Wales, the north of England, in Scotland, and in Ireland. 
During the Arenig time in North Wales there was a great 
outburst of volcanic activity, and several thousands of feet 
of lavas, tu£rs, and volcanic agglomerates were ejected, and 
helped to build up the series. 

This again occurred during the laying down of the Bala 
and Caradoc beds. 

That the volcanoes were not the direct cause of the moun- 
tain upheaval is shown in the most striking manner by the 
?olcanic beds being conformable to the sedimentary, and 
partaking of their folds and flexures. 

The formation of the mountains of North Wales was sub- 
sequent to this particular display of volcanic activity. 

In the Old Bed Sandstone period, great volumes of sedi- 
ment were again laid down, this time, according to Bamsay 
and Geikie, in inland seas and lakes ^. Volcanic activity on 
a large scale accompanied the sedimentation. Along the 
line which now forms the Grampians, there were a series of 
volcanoes of the very grandest dimensions. Ben Nevis, and 
many others among the higher Scotch moimtains, have been 
carved by denudation firom the hard masses of granite, quartz, 

* Between the Ludlow group, '' upwards in the geological series, we 
have to pass through some 10,000 feet or more of barren red sandstone " 
before we reach the marine fauna of the Carboniferous Limestone. 
Geikie, * Text-book of Geology/ edit. 1, p. 608. 
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felsite^ and other plutonic rocks which formed the central 
cores of these ancient volcanic piles. The remains of the 
great lava sheets and of the masses of volcanic agglomerate 
ejected from these grand Devonian volcanoes^ make up hill- 
ranges of no mean altitude^ like the Sidlaws^ the Ochils^ and 
the Pentlands ♦. 

In parts of the bed of the Lower Old-Bed-Sandstone sea 
were laid down rocks^ '^ to a considerable extent the result of 

volcanic eruptions/' t 

In the district of Eastern Berwickshire, the Upper Old 
Bed Sandstone lies unconformably upon the Lower]:, but 
passes up by gradations into the Lower Carboniferous 
series. 

With regard to the Devonian there has been much con- 
troversy. Jukes considering it to be the lower part of the 
Carboniferous series, other geologists the equivalent of the 
Old Bed Sandstone, while some think it lies between the two. 
For our purpose we may consider the two periods practically 
as one. Sedimentation was continuous, though the condi- 
tions of the areas of deposition changed, and the volcanic 
activity was prolonged from the Old-Bed-Sandstone era into 
the Carboniferous, but with diminished violence §. Under 
the joint reign of sedimentation and volcanism we may 
expect to find unconformability between strata of difierent 
ages in the same great series. 

It was at the close of the sedimentation of the Carbo- 
niferous epoch, after enormous thicknesses of sandstones, 
limestones, grits, and coal-measures were laid down, that 
the second great upheaval of strata into moimtain-ranges 
took place, when the Pennine chain and the Mendips were 

• ' Volcanoes/ Judd, pp. 274-5. 

t '' Otology of Eastern Berwickshire/' Memoir of Geological Survey 
(A. A. Geikie), p. 21. 
X IMd. p. 34. 
§ < Volcanoes/ Judd, p. 275. 
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fonned and the great Carboniferous tracts in the west of 
Ireland were upheaved. In Scotland an enormous tract of 
country lying between the Firths of Forth and Clyde — 
after the elevatory forces had expended themselves — was 
let down in a great trough fault. In what way faulting and 
dislocation are related to movements initiating the elevations 
and foldings^ or to subsequent causes^ will be discussed 
hereafter. 

During the Permian and Triassic periods which succeeded 
the Carboniferous upheavals^ sedimentation^ commencing, 
according to Ramsay, in inland seas, finished in lakes pos- 
sessing no outlets, the evaporation being so great as to allow 
of no overflow. In this way the salt beds of the Keuper Marls 
of Cheshire were formed. Whether we accept this explana- 
tion, first suggested by Mr. Godwin- Austen, or prefer Lyell's 
explanation, is not of great moment so far as the object of 
this enquiry is concerned. 

That there were considerable thicknesses of sediment laid 
down is evident from the known depths of the Keuper and 
Bunter, in Cheshire and Lancashire. Volcanic action seems 
to have been dormant in the British Isles, though in Euro- 
pean and American areas there were great manifestations of 
volcanism. 

The Jurassic period followed without much apparent phy- 
sical break in England. All over England, where?er the 
base of the Lower Lias is well seen, the Rhsstic beds, rarely 
more than 50 or 100 feet thick, are found to lie between the 
Lias and the New Red Marl. As a general rule they are 
seen to pass conformably and by easy gradations into each 
other, and they were indeed always classed with the Lias till 
separated from these strata by Oppel*. 

The Lower, Middle, and Upper Lias lie conformably upon 
each other in ascending succession. The Oolitic strata 

* Ramsay's * Physical Geology and Qeography of Great Britain,' 5th 
edit. p. 159. 
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folloir without any great physical break, the best proof of it 
being in the fact that the Midf ord Sands have been claimed 
by some geologists as belonging to the Lias, and by others to 
the Oolite''^. Between the Jurassic and the Cretaceous a 
considerable break occurs, which, as pointed out by Judd, is 
specially noticeable in Scotland. 

The Cretaceous, commencing with the Neocomian, suc- 
ceeds the Oolite, and brings in a set of conditions quite dif- 
ferent to any represented by the previous strata. With the 
close of the Cretaceous oceanic depositions, the calcareous 
sediments were raised into land, and continental conditions 
ensued, as is well shown by the enormous break that occurs 
between the life of the Cretaceous and that of the beginning 
of the Eocene. The line of unconformity between the two 
formations is most marked and striking. 

With the beginning of the Tertiary, volcanic activity com- 
menced to reassert itself in the British Isles, and attained 
its maximum in the Miocene. Eocene strata are confined to 
the south-east of England, the London Clay being the most 
important deposit. The Miocene, so fstr as is known, appears 
to be represented by a land surface in the British Isles ; and 
it was during this period that those great outbursts of vol- 
canic activity, so lucidly described by Prof. Juddf, occurred 
in the north of Ireland and west of Scotland, and the 
Hebrides, when enormous sheets of basalt were poured out, 
of which the Oianf s Causeway and Fingal's Cave are but 
small remnants, and when volcanoes existed in Skye and 
Mull more than equal to Etna %• 

• '<The Cephalopoda Bed and Oolite Sands of Dorset and part 
of Somerset." Buckman, Somersetshire Archaeological and Natural 
History Society's Proceedings, 1874, vol. xx. 

t " The Secondary Rocks of Scotland," Quart. Joum. Geol. Soc. 1878. 
'< Volcanoes/* ^' Address to Geological Section of British Association/' 
1885. 

I '< Towards the north coast the Miocene rocks attain a maximum 
depth of 6200 feet " : Geikie, ' Text-hook of Geology/ edit. 1, p. 764. 
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The Pliocene^ the third and uppennost division of the 
Tertiary^ is only represented hj small patches of strata in 
Suffolk^ called respectively the Coralline and Bed Crag. 

To trace out all this complicated course of geological 
history as dynamical cause and effect is very difficulty and 
we can do little more than guess at it. 

Although the series of rocks from above the Lias are 
absent in the north-west of England and Wales^ it does not 
follow that they were never laid down in those areas. The 
small patches of Lias on the borders of Shropshire and 
Cheshire^ and other patches in the Yale of Eden^ show^ as 
pointed out by Prof. Judd^ that the Lias most probably ex- 
tended over the intermediate region '^. The Oolite may have 
done so likewise^ while it is almost certain that the chalk 
must have covered the whole area. As regards the Eocene 
there is not much evidence. Most probably this area has 
been subject to denudation since the close of the Cretaceous, 
excepting during periods such as the great submersion during 
the Glacial period. As I have before shown, in this area at 
present the rainfall is muoh in excess of that on the east 
coast ; the land is also, even leaving the mountain districts 
out of account, at a greater elevation. Assuming that these 
conditions have prevailed since the beginning of the Tertiary 
period, there has been ample time, not only for the removal 
by denudation of the Cretaceous and Jurassic strata over- 
lying the Trias, but for the removal in unprotected areas of 
the upper divisions of the Trias, and its total removal from 
portions of the adjoining Carboniferous tracts (see Plate YII. 

p. 37). 

Prof. Judd's reasoning from the existence of isolated 
patches of Secondary strata in Ireland and Scotland and 
the surrounding areas, is to me conclusive in favour of 

• A Problem for Cheshire Geologists ; Proceedings of Chester Society 
of Natural Scieuce, No. 3, pp. 45-9. 
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thu: rwsw% I Ittre JQ»t ttstaiL I auHt rciier dboae wfe vvk 
ftr aoMOire lAfrj^rawtkn to die p^cr qnoced. 

Fixi^m d»« aJb»#K erf" tbeK sever ftiafi^ 
ne&t of the TriM b greatert^ it k dificiik to aaa^ a 
to tbe &r^diii|^ and dt»ki<ationf vlndh have afiseled tlie 
f4 the fioftb'wevt of Kngfauwl ■ Acooidiiig to 
ip«at iMErtioeotal epodb began with the Old Bed 
aftd doMBd with liie Xev Bed MarL 

Firjm the general amformabilitT exiidn^ brtapai die 
Tria*^ UbsKiic, and lias^ and betveen the latter asd dir 
(JfAiU, and the eonformabie fooocHuin of all die stnxa frooi 
die TriaiiNWC to the XmnmaKtic period in the area of manmnm 
anbfidenoe, wit^ the Alpa, where ^ the vnited tUcknesses of 
all MtdimeoU aecnmnlated aloi^ this great line of sobaideDoe 
between the Permian and Nonuiuilitic periods, probaUj ex- 
eeeds SO/100 feet, or ten ndles/^^ we axe rather led to infer 
that part of the dislocation of the Triassie strata todk place 
in the Miocene period* Whether this be so or not, it is a 
remarkable (std, which struck me long before I began to con- 
sider this questicm, that the great Craren fanlt is one of the 
few cases in Cireat Britain where a fault influences the con- 
tour <JT orography of the ground. Here we hare in Giggles- 
wick Scar, on one side, mountain limestone of several hundred 
feet in height, forming what I would call a fault escarpment, 
worn back by denudation to so small an extent that the fault 
cuts the foot of the Scar, and in the ralley we have millstone 
grit lying against the limestone (see view, Plate XII.). 
Tracing the fault northwards, we see it severing the Permian 
and Triassie rocks in the Vale of Eden, which are there 
faulted against the great scar limestone, and the fault along 
its whole length is the main feature in the scenery of the 
country. If we consider the way in which the faults, with 
which the Carboniferous strata are plentifully broken up, are, 

• ' Voksanoes/ Prof. Judd, p. 295. 
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PLATE XU. 

Fig. 1. Giggleswick Scar, an eacarpment of MouDtain Limestone. The 
dotted line shows the line of the Great Craven Fault, to the 
light of which^ on the downthrow side, the rock is Millstone 
G^t^ the '' Scar " on the left of the fault being entirely of 
Mountain Limestone. 

It is a striking example^f which there are not many in 
Great Britain^K>f a fault greatly influencing the surface fea- 
tures of the country. As a rule, the two sides of a &ult are 
planed down so as to obliterate the fault as a feature in the 
scenery (see p. 82). 

Big. 2. Snowdonia firom the summit of Moelwyn« a. Peak of Snowdon. 
b. Pass of Llanberis. e, Llyn yr adar. d, d, Llyniau diiiwy. 
e, e. Part of Moelwyn. /, f. Ridge of Cynicht. 

The points of the compass are indicated at each side of the 
picture^ in which the observer is looking towards the scarped 
fjBces of the ranges, the features of which can be understood on 
referring to the section of Snowdon given further on in this 
work. 
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although the throws are in many cases considerable^ oblite- 
rated at the surface by the planing down of the inequalities of 
the strata on each side^ it leads us to think that the Craven 
Fault is young compared with true Carboniferous dislo- 
cations* (see Plate XII., p. 81) . 

According to Dr. A. Geikie, a vast number of basalt-dykes 
range from the volcanic area of the Hebrides and Faroe 
Islands eastwards across Scotland and the North of England, 
and this system of dykes can be traced from the Orkney 
Islands southwards into Yorkshire and across Britain from 
sea to sea, over a total area of probably not less than 100,000 
square miles f. 

But although there was this enormous display of volcanic 
force, it is very instructive to find that mountain-building 
by folding took place on but a limited scale. At whatever 
period we place the upheaval of the Triassic rocks, this great 
fact remains, that the greatest upheavals and foldings took 
place where the sediments were thickest. 

Professor Judd has shown that the Jurassic strata in the 
Highlands are from 3000 to 4000 feet thick, and are made 
up of alternations of marine and estuarine strata. At many 
different horizons beds of coal, and other indications of 
terrestrial conditions are found. The succeeding Neocomian 
Period was in Scotland an epoch of elevation and terrestrial 
conditions. That the strata suffered during this time enor- 
mous denudation is shown by the '^relicts of the Creta- 
ceous resting in turn upon every member of the Jurassic, 

* Prof. Hull in fig. 49, section near Alton, shows the Lower Eeuper 
Sandstone broken into escarpments by a succession of faults. Memoir on 
the Triassic and Permian Rocks of the Midland Counties, p. 94. 

The same thing occurs on the Peckforton HiUs, Cheshire (ibid. p. 77), 
where a series of antidinals and synclinals are, by successive faults, 
broken up into escarpments facing W.N.W. 

t * Text-book of Geology/ edition 1, p. 258. See also Prof. Judd's 
Presidential Address to the Geological Section of the British Association, 
1885, Reprint, p. 17. 
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the Rlisetic^ the Trias^ and all the different Falseozoic and 
Archaean rocks/' ♦ 

In England the Wealden^ an estnarine or deltaic deposit 
of a great river probably flowing from this land, is the repre- 
sentative of this period. 

What amount of undulatory curvature and faulting of the 
strata occurred during this period it is difficult to trace, but 
Prof. Judd is of opinion that the greater part of the faulting 
is post-Cretaceous, and in the Western Highlands displace- 
ments of several thousand feet not only affect the Tipper 
Cretaceous, but also the upper Tertiary rocks. 

In Scania, in Scandinavia, a plexus of faults have preserved 
rock-masses of Secondary age, and these faults have affected 
not only the Jurassic, but the yoimgest members of the 
Cretaceous f. 

Prom these considerations we may well agree with Prof. 
Judd in believing '^ that it is impossible to avoid the conclu- 
sion that the whole of the North and North-western portions 
of the British archipelago — now sculptured by denudation 
into rugged mountain-land, were, like the South and South- 
eastern parts of the same islands, to a great extent^ if not 
completely, covered by sedimentary deposits ranging in age 
from the Carboniferous to the Cretaceous inclusive; and 
that as a consequence we must refer the production of the 
striking and very characteristic features of those Highland 
districts to the last great epoch of the Earth's history — ^the 
Tertiary — and very largely indeed to the latest portion of 
that epoch, namely, the Pliocene.'' { 

Suntzerland. 

But while the series of Geological events just described 
were taking place in the area of the British Isles, on the 

* Address to the Qeol. Section, British Association, 1885| p. 14. 

t Ibid. p. 16. 

X " The Secondary Rocks of Scotland/' Q. J. G. S. August 1878, p. 669. 

o2 
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site of what is now Switzerland^ rocks of the same ages^ from 
the Permian to the Nnmmulitic period^ were being laid 
down. The volcanic activity of the Permian^ which preceded 
the deposit of this mass of rock^ continued in a lesser degree 
through the Triassic period ; and Triassic^ Bhsetic^ Jurassic, 
Tithonian, Neocomian^ Cretaceous^ and Nummulitic strata 
were piled successively and almost uninterruptedly upon 
each other to a thickness^ according to Prof. Judd^ of 
probably 50,000 feet or 10 miles*. In the Oligocene 
period these enormous volumes of sediment became affected 
by earth-movements and lateral pressure, by which the 
strata were contorted, folded, and inverted in a most extra- 
ordinary manner, and permanently forced up into what are 
now the Alps. These movements not only affected the 
sediments described, but enormous masses of gneissic rocks 
upon which they were laid down were squeezed up to the 
surface, so that in some cases these lower rocks form the 
actual summits of high mountains. 

This is well shown in the section across the Central Alps 
(Plate XIV. p. 98), here reproduced from Heim^s monu- 
mental work. 

Physical Inferences. 

It seems a fair generalization from the foregoing geolo- 
gical information,* culled from the most diverse sources as 
well as from personal observation, that no great range of 
mountains was ever ridged up excepting in areas of great 
previous sedimentation. Out of these sediments the moun- 
tains are mostly built and carved, but along with the newer 
and originally horizontal sedimentary beds, the older 
gneissic and Archsan rocks are usually thrust up, and often 
enclose in their folds strata of a newer age, which have 
become thereby considerably metamorphosed. 

* ' Volcaooes/ p. 296. 
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It is only in the great or in the old mountain-ranges that 
these old gneisses and schists are seen, because it is by denu- 
dation alone that they become exposed. 

It these views of the relations existing between mountains 
and sedimentation be correct^ and they are really only an 
extension and development of the expressed opinions of Hall, 
Dana, Le Conte, Judd, and most of the American geologists 
engaged on the United-States Survey, it is quite evident that 
mountain-building cannot take place without the following 
conditions being fulfilled: — 

1st. The presence of large land-areas to supply the sedi- 
ment by concurrent atmospheric waste. It would appear 
that the immense volumes of sediment required in mountain- 
building could only be provided by continental denudation. 

2nd. An immense lapse of time for the sediment to 
accumulate ; for though in ixnagination we may quicken the 
forces of nature, in reality such variations of enei^ have a 
very small range. The conditions of previous periods^ as 
made known to us by Geology^ do not warrant us in thinking 
that the forces of denudation differed much in energy in 
former time from those that now exist ^. 

3rd. It is often assumed that subsidence and sedimenta- 
tion have exactly balanced each other. That is, sedimenta- 
tion has proceeded at the same rate as subsidence. 

In proof of this, the Coal-measures and also the vegetation 
of the Jurassic, Cretaceous, and Tertiary periods are pointed 
to, for terrestrial conditions are represented in one place or 
another in rocks of all these ages. There is, however, no 
occasion for the machinery of nature to be so nicely adjusted 
to the required ends. Such refinements usually belong more 
to mathematical theory than to the operations of nature. 

In the Carboniferous formations in America, as in England, 
the basal beds are sea-deposits and largely limestones. The 

* It is only just to olieerve here, that a school of Geology, of which 
Prof. Prestwich is a distinguished representative, think differently. 
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terrestrial conditions come in as we ascend in theseries. In 
the British Trias the Bnnter Beds are considered to be 
inland sea*deposits^ the terrestrial conditions represented by 
the foot-prints of the Labyrinihodon coming in with the over- 
lying Kenper sandstones. 

The same may be said of the Jurassic and Cretaceous. In 
America^ India^ and Europe, broadly speaking, the same 
succession occurs. 

It is not necessary, in order to explain a succession of 
beds indicating terrestrial conditions, to invoke exactly one 
foot of subsidence for precisely one foot of sediment. 

The land-surfaces may be the result of a levelling-np 
process if the land be stationary ; or if the depression be 
slower than the sedimentation, by combined levelling-up 
and extension— or by depression, pauses, and levelling-up. 

The conditions under which deposits are laid down are 
as various as are the land and drainage areas, the lakes, 
mediterranean seas, and ocean-basins. Sediment may accu- 
mulate in undisturbed areas and ocean-basins for enor- 
mous periods of time, as I have attempted to show it has 
done in the deposits of the Amazons and some other 
great rivers *. Or it may be laid down in areas subject to 
dinturbance, as happens with the deposits of the Mississippi 
in the Gulf of Mexico ; or in areas where it may mix with 
volcanic products, as in the Eastern Archipelago ; or in 
inland seas, as the deposits of the Volga in the Caspian, 
the Danube in the Black Sea, and the Nile in the Mediter- 
ranean ; or in shallow seas communicating with the ocean, as 
the Hoang-Ho or Yellow River delivers its burden into the 
Yellow Sea ; or rivers may be engaged in filling up lake- 
basins, as the Rhone the Lake of Geneva. 

All or any of these conditions may successively intervene 
in any area, and this is what we usually find has happened 

* " The North Atlantic as a Geological BasiD,'* Proceedings of Liver- 
pool Geological Society, 1885-80. 
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from the time of the Old Red Sandstone downwards. I am 
yery much inclined to think that the comparative absence of 
representatives of terrestrial conditions in the Silurian areas 
of Great Britain may be due to denudation ; or it may be 
explained by the areas in which such conditions occurred 
being inacessible to us. It is not to be supposed that Silurian 
land possessed no rivers^ or that^ possessing rivers^ the rivers 
did not lay down deltaic or equivalent deposits. Yet where 
are they ? 

We find all round our coasts^ and we may almost say round 
every coast throughout the worlds evidences both of recent 
subsidence and recent elevation within certain vertical limits 
—vertical areal movements apparently unaccompanied by 
any visible amount of contortion or dislocation. These 
movements^ though limited^ may affect vast tracts of land^ so 
as to make them alternately areas of deposition and areas of 
denudation. This has clearly happened in the geological 
history of the Post-glacial beds of Britain^ with which I 
happen to have an extensive acquaintance. The indentations 
of coast-lines also indicate in most cases subsidence. 

By these vast areal movements^ affecting sometimes 
thousands of square miles of land^ alternations in deposition 
may be accounted for. At the same time^ the balance of 
movement would appear to be — ^until mountain-making 
actually begins— downwards. 

It is only necessary to appeal to most large rivers on the 
globe in proof of this *. 

Thus it is seen that though the physical geography of an 
area of sedimentation may change enormously, it may still, 

* In " Rivera " (Trans, of Liverpool Geological Association, p. 14, 
reprint, 1882), it is stated — " One of the peculiarities of the great conti- 
nental rivers, which I have never seen satisfactorily accounted for, is 
that the beds are usually iai below the present surfaces of the deltas/' 
" Oscillations of level have taken place no doubt, evidences of them are to 
be found everywhere, but why should the Ganges and the Mississippi 
apparently be both at the lowest swing of the pendulum." 
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considered as a whole^ remain an area of sedimentation. It 
is in areas where the same conditions have existed for a great 
length of time^ or successive changes have occurred altering 
the character and nature of the sediments^ but without inter* 
f erence with the persistence of deposition^ that mountain- 
ranges are built up"*^. Part of these areas may firom time to 
time become land^ as we find happened in the history of the 
Andes^ the Rocky Mountains^ the Alps^ and the Himalayas, 
but depression and sedimentation on the whole has held 
sway. 

Thus we arriye at our third conclusion, that varied condi- 
tions and areal changes of land and water are also the con- 
comitants of mountain-building. 

* To Profl James Hall is, I bdieve, due the credit of first deaiiy stating 
the relations of sedimentation to mountain-building. In a very sogges- 
tive Presidential address to the American Association for the Advance- 
ment of Science^ delivered in 1857, but only pablished in 1882, he traced 
these relations in the geological history of the American continent. 



CHAPTER VII. 

EXCITING CAUSES INITIATING EARTH-MOVE- 
MENTS AND MOUNTAIN-MAKING, 

Leavino for the present the consideration of the causes 
producing vertical subsidences and elevations of the Earth's 
crust during the laying down of sediments^ we will proceed to 
consider in what way the continuous additions of sedimentary 
upon sedimentary beds until their thickness is reckoned by 
miles — such as we see has always preceded mountain-building 
— will affect the physical condition of the Earth's crust. It 
is quite immaterial to this consideration, whether such beds 
have accumulated in what Dana calls '^ geosynclinals/' or 
great bendings of the Earthy or have simply been built out 
from a continent in the form of submarine deltas^ in the 
way I have attempted to show the Amazons is now laying 
down deposits in the Atlantic ''^. 

In 18«S4^ Babbage, reasoning upon the causes which have 
produced the oscillations of level of the Temple of Jupiter 
Serapis^ in the Bay of Baise^ pointed out that the addition 
of sediment to any part of the Earth's crust must raise 
the temperature of the portion of the crust it covers. 

From this Babbage^ assuming certain thicknesses of rocks, 
calculated the height they would rise by vertical expansion. 
Siuce this celebrated paper was written, containing the germs 
of much true reasoning on the Earth's crust, many geologists 

* '< The North Atlantic aa a Geological Basin/* Presidential Address 
to the Liverpool Geological Society, 1886-86. 



90 EARTH-MOVEMENTS AND 

have attempted to apply the idea to account for Earth- 
movements. But strange to say with^ so far as I know^ the 
exception of one geologist^ they have fixed their attention 
almost exclusively on linear vertical expansion. Consequently^ 
as an explanation of mountain-building, the theory led to very 
little advancement. So far as I can gather, the first who 
appears to have seen clearly that expansion by accession of 
heat from below would affect the rocks horizontally as well as 
vertically, is Captain Hutton, of New Zealand. His paper 
'' On the Formation of Mountains " * is well worthy of study. 
It happens that I had long worked at the problem from the 
point of view taken in this work, before my attention was 
directed to his theory. He added linear expansion as an 
effect of heating to the list of efficient causes of mountain- 
elevation, and calculated the anticlinal rise a given length 
of rock would produce with a given accession of heat. This 
principle he applied to account for tbe anticlinal of the 
Weald through the rise of the isogeotherm, caused by sedi- 
mentation, and to mountain-building generally f. The theory, 
which met with an opponent in the Rev. O. Fisher, seems to 
have taken little or no hold of the minds of geologists, 
principally, I believe, from its apparent quantitative inade- 
quacy. It marked, however, I venture to think, a distinct 
advance in geological physics. 

linear expansion is, however^ only part of the effect that 
follows the heating of solid bodies like a portion of the 
Earth's crust. Superficial expansion — ^that is expansion in 
two directions — and expansion in volume, or in three direc- 
tions, all of which geometrically follow from linear expansion^ 
are, as I hope to show, far more powerful factors in mountain- 
building. 

Nor need we be confined in our theory to the exact 

* < Geological Magazine,' 1873. 

f << On the Formation of Mountains," Geological Magazine, 1873, 
pp. 166-174, also 1874, pp. 22-28. 
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increase of temperature due to the raising of the isogeotherms 
in the Earth's crust by the deposits of sediment^ as I also 
hope to make clear. 

The deposit of such masses of strata as the Alps are built 
of is a process of nature^ lasting many millions of years. 

During the time of laying down^ the compression of the 
lower beds^ by the superincumbent weighty increases gradually 
until it becomes enormous. The weight of a column of rock 
weighings say^ 15 feet to the ton^ will be 352 tons to the 
square foot for every mile of depths or c!520 tons per square 
foot for 10 miles. The crushing weight of granite in cubes 
is about 720 tons per square foot on an average. The mean 
crushing strength of cast iron is about 5500 tons per square 
foot.* 

It is quite evident from this that not only will originally 
plastic beds become condensed^ but that rocks^ such as con- 
solidated granites^ whinstones^ and sandstones^ will act under 
a pressure of 10 miles of overlying rocks as plastic materials. 
From these considerations it is also evident that we may 
treat rocks at depths of 2 miles and over^ whether originally 
of soft mud or clay^ as perfectly solid matter. Solid by 
compression^ but ready to flow one way or the other as the 
pressure may be reduced or increased. It is impossible under 
these conditions that cavities^ unless filled with compressed 
gases or superheated steam^ can exist in the rocks below a 
certain depth of superincumbent strata. It is necessary 
for the apprehension of any reasoning oii*^ earth-movements^ 
whether they be lateral or vertical^ that this fact should be 
distinctly realized. 

From this it follows that contraction of beds due to drying 
or parting with the water originally contained in the inter- 
stices of their component grains or particles cannot produce 
fissures, because any such tendency will be counteracted by 

* See Kinnear Clark's Tables for Enfrineers, edit. 1, pp. 631 and 564, 
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the longitadinal extension due to vertical pressure. We 
^may easily realize from this that beds of the most diverse 
materials will become solidified by pressure so as to act 
together as one mass. A mass of rock ordinarily rigid may 
under conditions of time and pressure become plastic. This 
we see has happened in most geological deposits originally 
deeply buried^ but which by uplift and denudation have 
become exposed to view. 

Upon these manifestations of plasticity I propose to dwell 
at greater lengthy when I come to treat of the involved fold- 
ings which are found in mountainous regions. 

Effect of Heat on the Consolidated Strata at Great Depths. 

It has been shown by Dana^ Le Conte, Judd, and others 
that the effect of the superposition of such vast masses of rock 
or sediment as are found in great mountain-chains^ will be to 
raise the temperature of the lowest beds very considerably. 
So much so^ that it is suspected the lower bend of the geo- 
synclinal may sometimes become actually softened. This is 
simply a numerical application of Babbage's principle. 

There is, however, no certain instance of the lower sedimen- 
tary bed having in this way become molten. I have shown 
that the ftising-point is not reached with an increment of 
temperature of 1*^ Fahr. for every 60 feet at a less depth 
than 33^ miles (p. 9). 

Between the lower sedimentary beds of the series of 
deposits making up a mountain-range and the original 
isogeotherm of fusion, a series of pre-existing rocks or 
materials of the crust may, by the rising of the isogeothem 
of fusion, become molten. Molten matter, however, shows 
itself in mountain-masses as granite or analogous rock, that 
has been injected into the stratified beds, some of which may 
have been melted by contact *. 

* There seems to be considerable difference of opinion as to whether 
this takes place or not on a large scale. 
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For the purposes of mountain-buildiiig^ below a certain 
depth we may consider all the rocks^ excepting igneous 
injections^ as practically solid but plastic^ their plasticity per- 
haps being increased by heating. With a depth of 10 miles 
of sedimentary beds, all of which have been laid down at the 
surface at a temperature of say 50°, the bottom beds would 
be raised at an increase of 1° Fahr. for 60 feet, 880® Fahr., 
orto930°Fahr. 

At the same rate of increase there would still be some 
20 miles of unmolten rock between the bottom beds and the 
isogeotherm of fusion. But the whole of that 20 miles of 
rock would have been raised in temperature 880° Fahr. 

It is extremely probable that while an area is subsiding 
the isogeotherms are sinking also, and that the after-raising 
of temperature or rising of the isogeotherms is an extremely 
slow process. 

The first effect of the rise of temperature on new deposits 
would probably be condensation of the lower beds by the 
lateral expansion of the mass. The underlying old rocks 
being more consolidated and rigid, would not yield to so 
great an extent in this way, but would adapt themselves to 
the volumetrical expansion by "flowing" upwards. The 
underlying couch of rock melted by the rising of the isogeo- 
therm of fusion would also be under extreme tension, ready 
to flow as a liquid in any direction as the strata above gave 
way. 

When I speak of molten rock I mean poterUiaUy molten^ 
that is at the temperature of fusion at the surface of the 
Earth. We will, however, assume that at the normal depth 
we place rock of that temperature, namely 30 miles, it 
would be practically solid, but ready to flow with accession 
or relief of pressure. 

Thus under such a sedimentary area, successive portions of 
the Earth's crust may be considered as in three different con* 
ditions. 
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Ist. In the ascending order a couch or lateral mass of 
molten or plastic rock under extreme tension struggling to 
find vent. 

2nd. A mass of rock 20 miles in thickness the bottom of 
which shades off into the plastic mass beneath^ the top being 
riffid rock as we understand rigidity at the surface. 

3rd. 10 miles in thickness of new deposits undergoing 
consolidation. 

It is evident^ if we accept these as the probable conditions 
of the crust in such a locus^ we have a machinery of moun- 
tain-making that will cause compression^ elevation^ foldings 
and flowing and produce structural and orographic alterations 
on a stupendous and diverse scale. I hope also to show that 
forces would be developed^ competent^ combined with denu- 
dation^ to account for the various forms and structures of 
the mountain-chains that have been already described. 

Once the great series of deposits we have assumed are in 
the throes of mountain birth^ it is evident that the molten 
matter^ under the enormous compression produced by expan- 
sion^ struggling to free itself will be injected upwards and 
laterally among the older and newer rocks^ its course being 
determined solely by the lines of least resistance. In this 
way it wiU^ at one place or another^ reach the surface^ and 
establish itself in a permanent volcanic foi*m. 

The injection of molten rock into the strata above will 
intensify the heating of the rocks first initiated by the 
rising of the isogeotherm. Hence further expansion^ renewed 
lateral pressure^ and more earth-throes. When volcanoes are 
permanently establilshed^ every overflow means an accession 
of heat. With every new manifestation of energy, there 
occur new rifts^ so that in some cases we find the strata are 
cut up by a plexus of dykes. 

The flow of the heated matter &om the molten c&uch of 
rock will bring up such a continual aooes^n of heat, that 
the strata it first flows against will in many cases be malted. 
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If a plate of lead be bent into a saucer-like form and molten 
lead poured into it^ at the point where the lead is poured in 
the bottom of the saucer will gradually melt^ while around 
it will remain solid. In this way I conceive molten rock 
acts upon the earth^s crust. 

Simple contact^ we find by geological examples, has been 
insufficient to produce fusion. 

It is now almost universally admitted that mountain- 
making is a very long process. We have seen that the 
Andes have been the seat of volcanic energy firom the time 
they were first initiated. 

In the building of mountain-ranges expansion after expan- 
sion goes on for ages^ strata are folded up^ bent back^ rolled 
out and extended. Solid rock flows like metal under the 
enormous development of pressure^ until even anticlinals 
of hard gneissic rock may be forced up in the fan-like form 
found in the Central Alps (see Plate XIV. fig. 3^ p. 98) . 

We may therefore legitimately conclude that the shape 
mountain-building finally assumes largely depends upon the 
thickness^ area^ and form of the component deposits. 

Sedimentation is not only a direct cause of a local rise of 
temperature in the Earth's crust/ but it is also an exciting 
cause of volcanic activity^ which brings up into the mass of 
expanding rock constant accessions of heat^ causing repeated 
expansions^ each of which adds to the growth of the mountain- 
range. 

This is but an outline sketch, placed before the reader that 
he may be prepared for the special examples to follow. 

Faults. — But mountain-chains^ and even comparatively 
undisturbed strata^ are traversed in many directions by 
dislocations called faults. What is the cause of these 
dislocations ? 

There are two classes of faults^ -—one consisting of fractures 
due to lateral pressure^ as when closely packed strata that 
can yield no more by foldiag^ shear along an inclined plane 
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np which they an pushed. This is a fimn of &ult mostly 
found in disturbed mountain-regions, and is known as a 

RBVBBSBB FAULT. 

The second, but by fiur the most frequent, is the normal 
rAULT, which *' hades '' or inclines to the downthrow, and 
apparently results firom a shearing of the rocksi by a sub- 
sidence of the strata on one side of the fiiult. This daas of 
fiftult is universal in little disturbed strata (and is also found 
in stupendous examples) in mountain-districts. These two 
classes of faulting are firequently found in the same range of 
mountains. It seems impossible, from a variety of con- 
siderations^ that the normal fault can arise from the same 
cause as the reversed faulty namely lateral pressure. It will 
be the object of the following chapter to inquire more fully 
into the nature and cause of normal faulting. 



\ 
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PLATE Xni. 

Qeological Map of Switzerland, constructed from those of Studer, 
Eflcher von der Linth, and Heer. The shading is on the same principle 
as the preceding Maps. The line A B is the line of Section through 
the Central Alps, fig. 1, Plate XIV. It wiU be observed that the charao- 
teristic feature of a central gneissic area, or core, here of immense extent, 
obtains in the Alpine system as in that of the Rockies, and, as I have 
attempted to explain, in the Appalachians also. The highest Alpine 
peaks are of denuded ArchsQan rocks — as Mont Blanc, Monte Rosa, the 
Matterhom, &c. 

a. Mont Blanc. 

b. St. Gothard. 

c. Monte Rosa. 

d. The Matterhom. 

In the Alpine system the gneissic area is not one continuous mass as 
in the Appalachians, on the contrary the crystalline rocks appear as distinct 
masses separated from each other by fossUiferous sedimentary rocks. Be- 
tween Nice and the plains of Hungary Desor states that there are thirty- 
four such areas mostly showing a fim-like structure. When denudation 
has progressed to the extent it has done in the Appalachians these areas 
may become connected. 
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PLATE XIV. 

Fig. 1. Section of the Central Alps on the line A B, Map Plate Xm., 
after A. Helm (< Mechaniamos der G^biigsbildung/ 1878). 



D. Jurasdc. 

E. Cretaceous. 

F. Eocene. 

G. Miocene, Molasse. 



A. Crystalline Schists^ Gneiss, &c. 

(Archffian). 

B. Trias. 
C« Lias* 

The fan-structure of the St. Gothard massif, the type of 
many mountain cores, is well shown here, as also the loops of 
Jurassic rocks enclosed in the Archaean Crystalline Schists and 
Gneiss (see p. 96). 

The folding of the Jurassic, Cretaceous, and Tertiary rocks on 
the flanks of the gneiss is most remarkable. There is no doubt 
that most of the formations have originally extended over the 
Archaean area, and that by the up-thrusting of the gneiss they 
have been burst asimder by tension, and thrown back on the 
flanks of the ranges. 

For a detail of these structures Heim's work should be 
consulted, and also for mountain form and structure Mr. 
CoUingwood's * Limestone Alps of SaToy.' 

Stapff's section on the line of the St.-Gothard tunnel may be 
seen in Prestwich's * Geology,' p. 304. 

Fig. 2. Section of the Mendip Hills (after the Geological Survey). 
Bearing of Section N. 6° 3(y E. from Milton HilL 

a. Old Red Sandstone. 

b. Carboniferous Limestone. 

b\ Argillaceous shales with bands of limestone in Carboniferous 
Limestone. 

c. Dolomitic Conglomerate. 

d» New Bed Marl lying on Dolomitic Conglomerate. 

A good example of anticlinals and synclinals planed down by eroeion. 
Fig. 3. Section of Snowdon (after the Geological Survey). 
Cambbian. 

The Cambrian beds north of the great fault consist of '' thick- 
bedded greenish-grey and purple quartzose sandstone and 
conglomerate. 

Lower Silubian. 
a. Slaty and sandy beds. 
6. Felspathic ashy beds. 

c. Felspathic traps and conglomerate. 

d. Greenstone dykes. 

e. Dark blue and grey slates ; bedding nearly obliterated by cleavage. 

It will be observed that the trappean bedded rocks partake 
of the foldings, and that the fsiults (nosmal faults) are 
pofiteiior to the foldings, (see p. 104). 



CHAPTER VIII. 

NORMAL FAULTINO.-^'EFFECTS OF CONTRACTION ON 
THE PREVIOUSLY EXPANDED SEDIMENTS MAKING 
UP MOUNTAIN-RANGES. 

The subterranean energies^ first excited by sedimentation^ 
ending in the ridging-up of a mountain-range^ though con- 
tinuously alive for immense periods of time^ act apparently by 
successive compressions and uplifts. Between these displays 
of force occur times of quiescence and local contraction. 
These minor contractions create local &ulting^ so that a 
range as a whole may be built up to a certain extent of dis- 
severed parts. When the energies finally die out contraction 
occurs on a large scale^ and thus those immense strike-faults^ 
often running at the foot of mountain-ranges parallel to 
their axesj are produced. 

In reasoning upon the cause of Normal Faulting^ we must 
bear in mind that it is the lower beds of the deposits out of 
which the mountains are made^ that expand most and are 
most folded and contorted. The upper^ or surface-beds^ 
suffer extension by the bending and bulging upwards of 
the strata^ forced into this form by the rocks expansively 
struggling to adapt themselves to their new conditions of 
volume. It is from this cause that we find valleys of denu- 
dation situated more frequently on anticlinals than synclinals* 
By these extension or tensilefracturesthe denuding agencies — 
air and water, rain, streams, rivers, frost and ice — get ingress 
to play upon the upper strata of elevated rocks, and by com- 
bined chemical and mechanical means take them up in 

h2 
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solution^ or reduce them to powder to be again delivered 
into valley^ lake^ sea^ or ocean^ for the edition of a new chapter 
in the book of nature. But we rarely^ we may almost say 
never^ see these upper beds^ because they are destroyed while 
the mountains are being built. 

The contraction of the rocks will necessarily be greatest 
where the previous expansion had most distended them — ^that 
is^ at the base. From the low tensile strength of rock^ rang- 
ing from 21 '6 tons per square foot in sandstone to 94*3 tons 
per square foot in whinstone ^, it is impossible for rocks once 
expanded to reassume their previous form by contraction. 

We have seen conclusivelyj from the experiments on sheets 
of lead^ that that metal^ even in small pieces measured by 
inches^ cannot pull itself back to its original shape on cooling. 
How much less must this be the case with rock I 

It is^ however, possible^ by the adhesion of the rocks to 
each other through the pressure of the superincumbent strata^ 
that they may act together as masses. A contractile tension 
may thus affect them over a considerable distance and area. 
Whether the rocks in an area of contraction divide them- 
selves into smaller or greater masses^ each acting as a homo- 
geneous whole, the result must be rifts or fissures — that is, 
rupture of the strata. These fissures, were they to remain 
open, would be greatest at the base, or nearest the zone of 
greatest contraction, at whatever level that zone might be 
situated. But I have attempted to show, from a consider- 
ation of the strength of rocks to resist compression — -otherwise 
their crushing strengths — that no fissure could possibly 
remain open at the depths at which the greatest contraction 
takes place. The rock would flow to fill up the cavity. 

But at the surface, and for a certain distance below it, the 
rock, having either no superincumbent pressure, or not 
enough to give plasticity, acting as a rigid body, would, with 

« Kiimear Clark's Tables, p. 629. 
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PLATE XV. 
NoBHAL Faulting. 
Diofframmatic Sections explanatary of Cantradton or Normal FauUinff. 

Fig. 1. Section representing a series of continaouB strata before being 
affected by throws due to faulting. 

A By sur&ce unequally eroded by the atmosphere. The 
double lines, c c c &c., represent, in the positions where the 
main faults are initiated, an assumed horizontal contraction of 
the strata, due to decrease of temperature consequent on the 
depression of the isogeotherms. ddd &c., loci of subordinate 
faults. 
Fig. 2. Section representing the faulting due to the horizontal contraction 
assumed in Fig. 1, combined with the consequent cubical con- 
traction or decrease of volume of the strata represented, and 
also of the crust of the Earth below. 

The rigid strata, which are represented to a greater depth 

than in Fig. 1, shear into wedge-like forms and key up by 

gravitation, as explained in the text. The dotted line, CD, 

shows the original surface, AB, Fig. 1, broken up by faulting. 

E F shows the surface planed down by further erosion 'yeee &c. 

are the main faults forming part of one trough-fault from ef 

^ ^/' ff 9 9 ^Q minor or slip faults sheared off the larger 

masses by subsidence or slips of the sides of the main masses 

towards the main faults. 

The contraction is shown in Fig. 1 as equal along all the zones of rock. 

This is done for simplicity of explanation. In Nature the contraction is 

zero at the surface and increases with the depth, by which peculiarity the 

upper beds are in subsiding sometimes bent into slight synclinals ; but 

these curved portions are often not to be seen, from having been destroyed 

by denudation. 

The depth to which faults shear the crust of the Earth is unknown ; 
but in the case of main faults it must be enormous, as a throw of 10,000 
feet in a norical fattlt is sometimes met with. Normal faxtlts are 
in some cases measured by thousands of feet, in others by inches. 

It has been shown by J. Bauschinger (Min. of Proc. of Inst, of C.E. 
Foreign Abstracts, vol. Ixxxiii. p. 448, 1886), in some experimental inves- 
tigations into the laws of compressive strength, that the chief forms of 
the fragments produced by crushing stone of all kinds are, without excep- 
tion, the wedge and the pyramid. With prisms of a height equal to the 
sides of a square circumscribing the base, two pyramids are formed having 
their bases in the surfaces under pressure. 
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the sliglitest inequality of settlement^ at once shear^ and 
initiate a fault from the surface do¥niwards. 

The contracting rocks^ solidj but acting at great depths as a 
plastic mass under the extremely slow movements that take 
place^ differ in their relative strengths to resist the superin- 
cumbent pressure. The result must be differential subsidence. 
But this subsidence can seldom be met by bending. Shear- 
ing strains accumulate untU they become too great for the 
strength of the overlying rocks^ which then suddenly snap^ 
and the strata is cut as with a knifc^ 

The nearest parallel to this state of things is that of the 
walls of a bmlding on a foundation of differing degrees of 
solidity. If the foundation be throughout altc^ether unyield- 
ing, the walls will stand firm and soUd. Even if the ground be 
of a yielding nature, if it be equally yielding over all the area, 
and the areas of the '^footings'' be adjusted to the weights 
of the respective walls, it is possible to build so that rifts 
will not occur, because the whole structure will settle down 
equally. It is, however, very difficult to attain to this degree 
of perfection, as any one who has attempted it knows. With 
the best adjustments rifts or '' settlements '' will occur here 
and there. If, however, the building be placed on a foun- 
dation hard in one place and soft in another, it will very soon 
tear itself to pieces. Any one who looks at a *' settlement " in 
a long brick wall will better appreciate what a fault means. 

We are now in a position to understand why faults 
generally " hade *' or incline to the downthrow. Any fault 
having an inclination fix)m the vertical, be it ever so slight, 

• The late John Phillips very acutely observes :— " There is, however, 
one important distinction between displacement by a fault and displace- 
ment by a flexure ; faults, on the whole, leave the displaced beds ia a space 
horizontally wider than the measure of the beds ; but flezuses have often 
the eflect of packing so to speak a certain breadth of beds in a less width 
than they occupied before the movements." Memoirs of the Qeol. Survey 
of Great Britain (The Malvern Hills), vol. ii. pt. i. p. 141. 
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must have on its do¥nitlirow side the rocks possessing the 
smallest base. On that base, by the overhang of the rock 
towards the fault, there is necessarily a greater pressure per 
square foot than on the base of the rocks occupying the 
other side of the f&ult, consequently the overhanging rock 
sinks and tilts towards the fault. 

The yielding strata beneath at the lowest depths flows to 
close up the fissure. It is evident that a fault once initiated 
in tlus way must by slow degrees increase in throw as the 
volume of the underlying rocks decreases by cooling. The 
fistulting cannot in fact stop until either the contraction 
ceases, or some other earth-force comes into play. Like the 
rift in a building, this dislocation increases so long as the 
foundations continue to settle. 

Faults usually have an inclination £rom the vertical. It 
is evident that if two faults incline towards each other, as 
they frequently do, the rock-mass between them as it sub- 
sides will close up the fissures or " key " itself in between 
the adjoining strata. At the surface of the earth, at a depth 
below climatic variations of temperature, no alteration of 
length takes place by expansion or contraction, as the strata 
remains always at the same temperature. Between the 
zone at which the solid rock will flow through pressure, 
and the surface which does not change dimensions, there 
remains an intermediate portion where the rocks by con- 
traction, excepting for subsidence and tilting, would leave 
open fissures. Thus a decrease of temperature of a mass of 
rock of 100^ Fahr. means a fissure of 2*75 ft. mde for every 
mile in length. By the sinking of the arch-like blocks, and 
the tilting of other blocks, most of the fissures close up or 
probably rarely develop, because of the continuity of the 
fiUing-up with the contraction. 

In nature we find faults, except when opened out by surfietce 
denudation, usually tightly closed up, sometimes with " fj&ult 
rock^' between. So effectively sealed are they by these 
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processes of nature that they are usually water-tight. 
Listance the fault in the middle of the river Mersey occurring 
in the Bunter sandstone^ which was penetrated by the Mersey 
tunnel^ but gave no trouble^ though there is from 60 to 80 
feet of water over the river-bed^ according to the state of the 
tide. By the subsidence of the wedge-like masses of super- 
incumbent strata in a faulted district, it is seen that, though 
the strata is actually shortened by contraction, the space is 
bridged over, and the crust remains solid. The solidity and 
continuity of the earth's crust is therefore maintained through- 
out all time by two processes — namely, at great depths by 
plastic movements or compressive extension, and above by a 
wedging of the rigid strata. 

Before entering upon the next chapter, it will be well to 
consider the possibility of faults being created by up-thrust, 
as this is the more frequent* explanation of fatdting. With- 
out denying its possibility, I think such cases are not fre- 
quent. It is not easy to conceive a force acting from below, 
excepting expansively, and this must produce more or less 
lateral extension. If, therefore, compression be going on at 
the same time as differential uplift, the strata will be "nipped '* 
hard and fast. It may be that this differential uplifting does 
sometimes occur in mountain-regions by faulting, where the 
faults happen to be vertical, or nearly vertical. This question 
will be more fully discussed when treating of the Plateau 
Province of Colorado. 

It is, however, only by an appeal to nature that such 
problems can be satisfactorily 9ettled. What is the evidence 
in our own country f 

If we examine Ramsay's section of the Snowdon range 
which is reproduced in Plate XIV. fig. 3, p. 98, a very cursory 
inspection will show that the faulting cuts anticlinal and 
synclinal alike, and is therefore posterior to the folding. 

An appeal to most geological sections of folded districts, 
excepting in the case of reversed faults, will exhibit the same 
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features^ and show anticlinals and synclinak that have once 
been continuons^ sheared across, and dislocated by faults. It 
may be said that much of the information shown in sections 
is inferential^ and so it is ; but an examination of a clear 
section in nature where folds and f&ults occur together will 
usually show similar relations *, 

On the next page^ Plate XVI., are given several sections 
after the Geological Survey of England and Wales^ so that 
a comparison can be instituted between the diagrammatic 
illustration (Normal Faulting^ Plate XV.^ p. 101) and 
natural sections. I have selected Coal-Measure sections in 
preference to any others^ as the relations between the faults 
and the beds have generally been more accurately ascer- 
tained, and also because the well-marked zones and parallelism 
of the beds and seams afford clear illustn^tions. 

* Mr. W. J. MoGee has mathematicaUy investigated some of these 
poiatB in a paper, " On the Origin and Hade of Normal FaultSy" American 
Journal of Science, voL zxyi. pp. 2d4-298 (1883). This papa is 
Veil worth stody; the investigator proceeds on the aseamption that 
normal &ult8 are due to movements relieving radial strain. It will he seen 
that, hy theintroduction of the element of contraction, as in my explanation, 
the vertical or radial strains are accomited for. 
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PLATE XVI. 

Selected eeeHam, after the Oeologieal Survey ^ exhibUing the 
eharacterMc features of Normal Faulting. 

Fig. 1. Part of section from the northern nde of the SMpton anticlinal 
to the middle of the Yorkshire Coal-field (Horizontal sectionsi 
sheet 96). The whole length from d to e consists of Lower 
Coal-Measures resting on Millstone Grit. 

a. Sandstones and flags. 

b. Hard-hed coal and soft-bed coaL 

c. Better-bed coal. 

Fig. 2. Ditto. The section from/ to g condsts of Lower Coal-Measores 
resting on Millstone Grit; from gtoh, Middle Coid-Measures 
resting on Lower Coal-Measures. 

b. Hard-bed coal and sofb-bed coaL 
«. Six yards rock. 

c. Better-bed coal. 

j. Middle Coal-Measures. 
f, ThomhiU rock. 

Fig. 3. Part of section across the Somersetshire coal-field. (Horizontal 
sections^ sheet 104, by J. Austen and J. McMurtrie, under the 
direction of Joseph Prestwich, F.R.S.) 

k. Pennant -grit. 

/. Farrington seams. 

m. Bed of red shale. 

n. Great seam, Middle seam, little seam, Bull seam, &c. 

o, Dolomitic conglomerate. 

/>. Eeuper Marl. 

q. Penarth beds and Lower LiaA. 

The faults are not lettered, as the sections explain themselves. 
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CHAPTER IX. 

COMPETENCY OF EXPANSION BY HEAT TO PRODUCE 
ALL THE PHENOMENA OF MOUNTAIN-STRUCTURE. 

Notwithstanding the arguments already adduced, it may 
perhaps be said that expansion and contraction of the strata 
of the Earth by variations of temperature, while capable of 
effecting small changes of form in the crust, are insufficient to 
account for the building-up of mountain-ranges. 

Let us therefore look into the question quantitatively , for 
few scientific problems can be settled without an accurate 
conception of the relative proportions of the materials and 
forces involved. 

Coefficients of Expansion of Rocks. — ^There have not 
hitherto been many experiments made on the dilatation of 
rocks by heat, nor do those that have been published seem in 
all cases trustworthy, because the results differ so con- 
siderably *. 

The difficulties in carrying out sudi experiments are much 
greater with stone than with metals. The expansion of 
metals can be tested with much longer bars, and the experi- 
ments can be carried on under conditions ensuring greater 
accuracy. As I always think it best, if possible, to make 
one^s self practically acquainted with the behaviour of 
materials under conditions as nearly as possible those we 
assume in reasoning upon them, I instituted a series of 

^ This may be seen on Teferenoe to the table given in Kinnear Clark's 
Manual, p. 337. 
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experiments to determine the coefficients of expansion of 
various rocks. 

The experiments were in most cases made with dressed 
bars of stone about 15 inches long^ but of various scantlings 
best suited to the material. The ends were dressed square. 
The measurements were taken with a pair of callipers of 
American make *^ which measure accurately to the f^^j ^^ 
an inch. The bars were marked with a line^ and the 
callipers applied in such a way that they always gripped the 
same spots. This was proved by frequent measurement at 
different times when the stone was cold. The temperature 
and measurement were taken and recorded before heating; and 
the bar to be experimented upon was placed in an ordinary 
oven, sometimes in a sand-bath with a thermometer inserted 
in the sand, and sometimes without the sand-bath, but 
always on a board. It did not seem to affect the result 
whether a sand-bath was used or not. The bar, when 
heated through, was taken out of the oven, the thermometer- 
reading carefully noted, and the bar measured again with 
the callipers, precautions being taken to prevent as much as 
pos3ible the heat affecting the bar. A correction was made 
for this, and for the cooling of the stone during the time 
occupied in taking it out of the oven, and in the measuring. 
The experiment was in each case repeated several times and 
the mean of the observations taken as the correct result. 

This method does not pretend to very great exactitude, but 
the results are, I believe, practically reliable. They do not 
in most cases greatly differ from those of Mr. Adie recorded 
in the Trans. Royal Soc. Edin. vol. xiii. p. 366, my mean 
coefficient being in remarkable agreement with his (see 
p. 111). On the following pages details of my results, 
together with those of Adie and Totten, are given : — 

* The ^ Improved Vernier CaUiper," znanufEU^tured by Darling, Brown, 
and Sharpe, Providence, R I, 
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Table of CoefScients of Expansion of various Bocks^ as 
determined by the Author's Experiments. 

Sandstones. ^^^i^/ffi'" 

No. 1. St Helens ^^^ 

No. 2. Hare HiU ^^ 

No. 8. Burnley ^^ 

No. 4. Fine sandstone (locality not given) . £3^ 

No. 5. Runcorn (Bed Triassic ; Keuper) ^j^ 

No. 6. Everton (Bed Triassic; Bunter) . . ^^ 

No. 7. Micaceous Sandstone ^^^^ 

No. 8. Sandstone of a coarser grain than No. 7 ^^^^ 

m 

Marbles. 

No. 9. White Sicilian ^^ 

No. 10. Caen Stone ~^ 

No. 11. Irish Black —^^ 

No. 12. White ........... ^^ 

Slates. 

• - 

No. 13. Burlington (Blue Westmoreland) . . ^j^ 

No. 14. Llangollen ..... . 3^^ 

No. 15. Penrhyn j^^^ 

No. 16. VelenheU ^r^ 

No. 17. Penmachno sJL^ 

No. 18. Darbishire's Nantle -JL_. 

169,691 

^^- ^^' '* " i«7;460 

No. 20. Penmachno . . . . , ^JL-_ 

-Wo. ^1. ff »••• jjoii 
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Table of Coefficients of Expansion {continued). 

No. 22. Rubislaw (Grey) 3ppj5 

No. 28. Camgall (Grey) ^^ 

No. 24. HiU of Fair (Red) ^ 

No. 25. Corrennie (Red) j^^ 

Mean Coefficients of Expansion of various Classes of Rocks^ 

per V Fahr. 

Sandstones ,^ 

Marbles ^ 

Slates j5j^ 

Granites ^^ 

Mean of the whole ii^™2*77 feet per mile for every 
100° Fahr. 



Coefficients of the Expansion of Stone^ as determined by the 

experiments of Mr. A. J. Adie (Trans. Royal Soc. Edin. 
vol. xiii. p. 866). 

Decimal of Length 
for l* P. 

Sicilian White Marble *00000780bj^ When moist. 

w n w '^W000613«jg^ „ dry. 

CairaraMarUe '00000662 a |gi^ ,, moist 

V OOOOOSeScagjg^ „ dry. 

Saadstone from the liver rock of I u^^y^^ar^ i 

Oraigleith Quarry f '^^^^^^^'^-^-iSPw " » 

Cfe«tironfromrod,2"x2" -00000637=15^ „ „ 

w » t''Xj" "00000612= jgpgj „ „ 

Slate from Penrhyn Quarry, N. W. .. •00000676 «£y~jj „ „ 

Peterhead Red Granite *000005d2»jg^ „ moist. 

w ft n • • *00000498=^g5jl^ ^ dry. 
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Coefficients of the Expansion of Stone {continued), 

DeciniAl of Length 
for V F. 

Arbroath paTement '00000490 s^o^^ When dry. 

Caithness „ KXXXXMOTsjjgqi^ ^ ^ 

Qreenstone from Ratho *000004493i ^gjjy ,, jf 

Aberdeen Grey Granite "^^^^^^^^^^^^^^^ 99 n 

Hack Marble from Galway '00000247s ^^^ „ „ 

The mean coefficient of the thirteen determinations of the 
expansion of stone is §^j^ ; but if we omit the hist coeffi- 
cient, viz. that of the Black Marble from Gtdway (which is 
probably an error, being so much less than those of the other 
marbles and also of my own determination of the expansion 
of Irish Black Marble) , the mean coefficient will be i§^^ 
showing a remarkable agreement with my own results. 

In Mr. Adieus experiments he used longer bars of stone, 
namely 28 inches long and from ^ inch to 1 inch square, 
and heated them with a steam-jacket, using a much more 
complicated apparatus than mine. 

Coefficients of Expansion of Building Stone, as determined 
by experiments conducted l)y W. H. C. Bartlett by order 
of Col. Totten, 1882 (Amev. Joum. of Science, 1st series, 
vol. xxii. p. 186). 

Granite . • . '000004825 =< 



907,388 

Marble . . . •000065668=i^ 
Sandstone . • '000009582 =^5^ 

These experiments were made with three bars of the 
several stones mentioned, measuring 94 inches long (nearly). 
The measuring-instrument was a pine rod with copper elbows 
fitted with a graduated wedge for measuring. The variatioiis 
of temperature, ranging through 100°, were those due to tfte 
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atmosphere, which affected both the measuring-rod and the 
stone^ the actual expansion being calculated from the dif- 
ferences of expansion. 

The object of these experiments was to ascertain the cause 
of the Assuring of the joints of coping-stones used in the 
works at Fort Adams, Newport Harbour, it being found 
impossible to keep the joints perfect for more than a few 
weeks, the conclusion arrived at being that the fractures 
were due to ordinary changes of temperature. 



Cubical Expansion and its Effect on the Earth's Crust. — From 

the table appended it will be seen that an expansion of ^-^g^ 

per 1^ Fahr. is a fair coefficient for the rocks, considered as a 
group composing the Earth^s crust. This equals 2*77 feet per 
mUe for every 100° Fahr., say 2*75, as being easier to compute 
and to remember. This mean may be considered practically 
correct within the limits of temperature to which the bars 
were subjected, namely between 60"^ and 220°. We shall have 
in our reasoning to assume that the same rate of expansion 
continues to the higher limits of temperature affecting the 
Earth's crust, and that this is not in excess of the truth I 
have little doubt. 

As I have before pointed out, Lyell ^, Babbage, and others, 

* Lyell, using Col. Totten's coefficient of expansion for red sandstone 
(*0000095d2), calculated that a mass of sandstone a mile in thickness 
raised 200^ Fahr. would lift a superimposed layer of rock to the height 
of 10 feet above its former level Or a portion of the earth's crust 50 
miles in thickness, equally expansible, raised in temperature 600^ to 800^, 
might produce an elevation of between 1000 to 15,000 ft. By such an 
agency we might, he says, explain the gradual rise of part of Scandinavia, 
or the subsidence of Greenland. 'Principles of Geology,' 10th ed. vol ii. 
pp. 235-6. 

This is Unear expansion only ; eMoal expansion, which has not been 
thought of in this cozmection, would raise it three times the calculated 
height 



EXPANSION BY HEAT. 113 

with the single exception of Capt. Hutton^ reasoning upon 
elevation and depression caused by expansion or contraction^ 
confined their attention to linear vertical expansion. Capt. 
Hutton introduced linear horizontal expansion as the main 
fiactor in mountain-building. No one^ so far as I can discover^ 
seems to have perceived in connection with the Earth's crust, 
that increase of volume is the final result of expansion. Yet 
this must be the most potent of all in its geological effects.^ 

Let us pause to consider what will happen if a cubic mile 
of solid rock be heated 100° Fahr. If free to expand in all 
directions, it will increase in dimensions to a cube measuring 
1 mile 2*75 ft. at the sides. Prevent this cube by some 
means from expanding in more directions than one, say 
leave it free to expand upwards, and then consider what 
will occur. It will then, unless the su]^S^ volume be 
disposed of by condensation of the rock, measulfe I mile x 
I mile at the base and 1 mile and 8*25 feet high (nearly), or 
the surface will be raised vertically three times as much as 
what would be due to linear expansion alone. This is why 
the expansion of water in a vessel is so apparent. It can 
only dispose of the increase of volume by rising vertically* 
(See Illustrations, Plate XVII., p. 117). 

Let us now apply this principle to a portion of the crust 
of the Earth heated 100° above its normal. In the way I 
have assumed the local heating takes place, the superheated 
rocks would form a lenticular patch in the Earth's crust. It 
is evident on very little consideration that as the expansion 
cannot take place laterally or downwards, the rocks must act as 
in the preceding example. That is, if the rocks were uniformly 

* Since this was written, Mr. G. E. Gilbert, in a note appended to hia 
Presidential Address to the American Society of Naturalists, Dec. 27, 
1885, p. 298, says that a friend had pointed out to him that '< horizontal 
expansions would almost necessarily be conyerted into vertical uplifts.'' 
This is interesting as being the first recognition of the fact that I have 
seen in print 

I 
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and proportionately acted upon^ the rise at the surface would 
be three times the linear expansion^ so that a crust 20 miles 
thick^ heated 1000° Fahr.^ would rise 1650 feet^ instead of 
550 feetj the result calculated in Lyell's way. This is an 
enormous difference^ strangely lost sight of. 

But this is seldom, if ever, the way that rigid rocks would 
be affected by the expansion of volume that takes place in 
heating. On the contrary, they would more frequently begin 
to rise in a linear ridge determined by a line of weakness. 
They would adapt themselves to the lateral expansion and 
increase of volume by anticlinal and synclinal folding, 
forming a ridge, or series of ridges, elevated to a far greater 
height above the surrounding country. A considerable por- 
tion of the increase of volume would, as may be seen from 
the experiments already detailed, be disposed of in this way. 
It is evident that^ if all the surplus matter were thrown into 
a ridge having a base one tenth of the total area heat^, the 
resultant heap must be ten times as high, or 16,500 feet, or, 
if pyramidal in section, double that height. The cotu:h of 
molten or half-molten rock below the rigid crust would 
expand in a lenticular manner, perhaps intruding itself hori- 
zontally among the surrounding strata along lines of weakness, 
but in its behaviour governed largely by the character and 
structure of the bounding rocks. TLis I venture to think 
is borne out by the physical structure of mountain-systems, 
in which, as in the Rocky Mountains, there is usually a 
gradual rise over an extensive country, until the base of the 
ranges is reached ^, when the steep grades, folded and con- 
torted rocks, and vertical precipices, distinguishing mountain- 
structure, occur. 

But a mountain-range is not the result of one display of 
energy. It is seen in the Andes, and still more clearly in 
the Bocky Mountains, that though a mountain-range be the 

* As Mr. Ruskin tellingly puts it, " The great mountains Ufi the lowlands 
on their ndesJ*^ * In Montibus Sanctis/ Part II.; p. 48. 
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seat of Tolcanic energy for untold ages^ such energy manifests 
itself by successive but long continued outbursts at different 
periods. According to my view^ an outburst means an 
increase^ a dormant period a decrease^ of subterranean heat. 
Every alternation will have its effect, the total of each alter- 
nation ending in an additional uplift. That these uplifts are 
continually taking place throughout the geological history 
of a mountain-range, we have the strongest evidence in the 
Rocky Mountains and the Andes. The attentive study of 
the work of American geologists leaves no doubt of it in 
the former case, and Mr. Darwin's observations prove it, 
though not perhaps so conclusively, in the latter. 

We ihus see that both contraction and expansion must be 
going on during the building of a mountain-system, and the 
subterranean strata of one portion of a long range may be 
expanding while another is contracting. A mountain-system 
is an area of continuous movement, the crust is never at rest. 

Effective Increase in CtMc Miles of a given Heated Area* 

Let us now consider what would be the quantitative effect 
towards the ridging up of a mountain-range of a rise ef, 
temperature in a given area and depth of rock. Take a 
volume, for example, equal to 500 x 500 x 20 miles, that is 
5,000,000 cubic mile^. If this were heated to a mean of 
1000° Fahr.t> a temperature that must have occurred over 
and over again in the local heating of the Earth's crust, 
there would be a linear expansion in two directions of 500 
X 2*75 ft X 10= 13,750 feet or 2*6 miles. • Now if we compare 

* It is perhaps necessary to explain that by effectioe increase of bulk 
is meant expansion horizontally in two dimensions. Vertical expansion 
raises the whole body of rock but does not contribute to Jiorizontal dis- 
placement and consequent permanent ridging-up. 

t A series of alternations of temperature amounting in all to lOOCF F. 
will give nearly the same effective increase of bulk. This will be 
explained more fully further on. 

i2 
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this area with many of the areas of deposit out of which 
mountain-ranges have been built^ it is very small. It is little 
compared to the deposits constituting the Andes or the 
Rockies^ and still less to those of the Himalayas ; or^ to go 
further back into the Earth's history^ either the Appala- 
chian sediments or those out of which the Silurian mountains 
of Britain have been carved. Yet even in the example 
assumed^ the increase of volume would be 52^135 cubic miles, 
or over one fourth the bulk of the Old Bed Sandstone of 
Britain as calculated by Dr. A. Geikie ♦. 

It is impossible to reason correctly upon the physical 
phenomena of the Earth without we constantly keep in 
mind the real Uving proportion of things. Though the 
results seem so large, the block of crust (5 millions of cubic 
miles) we have been operating upon is only the ^^^ part of 
the solid matter of the whole globe. 

This fact brings clearly to the mind the truth, often pointed 
out, but seldom realized, that the greatest of mountain- 
ranges are but trifling excrescences on the surface of the 
globe t- 

• Phillip's ' Geology/ by Etheridge, 180,000 cubic miles. 
t The Earth contains 269,373 million of cubic miles according to 
Herschel, * Outlines of Astionomy/ 9th edition, p. 660. 
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PLATE XVIL 

Diagrammatic Hhutraiioni of several Effects of Cubical Expansion, 

Fig. 1. Represents a cubic mile of rock expanded lineally ^ The firm 
lines give the normal cubic mile, the dotted lines the expanded 
cubic mile. In this figure the block is assumed to be in a 
position to expaq4 freely in all directions. 

Fig. 2. Represents the same total amount of culncal expandon, the block 
being assumed to be so bounded as to be unable to expand 
otherwise than yerticaUy. The yertical rise is three times that 
of fig. 1 (nearly;. 

Fig. 3. Represents a rectangular block measuring 2 miles by 1 mile by 
i mile^l cubic mile. The block is assumed to be expanded to 
the same extent as figs. 1 and 2, but the surplus material dis- 
tributed as a ridge, A, which is equal to the block B shown in 
dotted lines. The effect is similar to what would happen if 
the block were expanded in a mould of this exact form and 
size, the mould itself remaining unexpanded. 

fig. 4. This represents a series of beds of rock (20 in all) expanded by 
being raised to the same temperature throughout. T)ub block is 
assumed to be bounded so as to be unable to extend itself hori- 
zontally. The thickening of bed No. 1, due to horizontal 
expansion^ is concentrated at the anticlinal 0. Each plate in 
succession indiTidually expands to the same extent as No. 1. 
The cumulative result being the anticlinal D. The fissure ef 
represents the rupture caused by the expanding arches below, 
all the beds above No. 13 having been subject to tension. 

The whole block has expanded vertically to the extent of 
its normal linear expansion; the horizontal expansion has 
expended itself in raising the anticlinal C, D. 

This shows to a true scale the effects of the heating of a portion 
of the Earth's crust=to 1000° Fahr. increase of temperature. 
The vertical rise of the top plane E F, is rj? of the tiiickness 
of the block, and the remaining cubical expansion thrown into 
the anticlinal by horizontal pressure is ^ of the cube of the 
whole block. 

NoTB. — Since the above was written and the diagram drawn, I have 
proved experimentally, by the lateral compression of a series of layers of 
clay with calico partings, that the reasoning is correct. 



CHAPTER X. 

THE OLOBE AS A RESEltVOIR OF HEAT. 

The question will probably be asked^ Can the Eaith^s crust 
go on receiving heat from below^ expanding and parting 
with it on the scale pictured in the previous chapter^ without 
its store of heat becoming rapidly exhausted ? 

This problem is intimately related to the total amount of 
foldings and uplifts which have taken place in the Earth's 
history^ and it also involves considerations of geological 
time. 

Unfortunately it is impossible from present knowledge 
to calculate with much accuracy the gross total of mountain 
uplifts which have occurred during geological history. 

Suppose for the sake of enquiry we divide the time which 
has elapsed from the beginning of the Cambrian to the 
present time into 10 periods^ and to each of these periods 
allot 10 uplifts, equal to that upon which our last calculation 
was founded, namely (500 x 500 x 20) miles x 10. This would 
be equal to a portion of the Earth's surface 5000 miles 
long by 500 miles broad and 20 miles deep. If this amount 
of rock were heated 1000^ Fahr., we should have a volume 
of 521,350 cubic miles for each period for mountain- 
building, or a mass equal to a single mountain-range of trian- 
^lar section 21 miles at the base, 2 miles high, and the 
length of the mean circumference of the globe taken at 
24,900 miles. Ten such periods as these would give us 
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5^213^500 cubic miles for the whole period for mountain- 
buildings or 10 such chains as I suppose. 

This would require the heating to 1000° Fahr. of 500 
million cubic miles of rock. Now as the whole globe contains 
about 259^373 million cubic statute miles^ if the mean tem- 
perature of the globe is only 6000° Fahr., a very low estimate, 
the raising of all this mass of ^ 5,213,500 cubic miles into 
moimtain-ranges from the Cambrian times until now 
(inclusive) would only exhaust about the ^^^ part of the 
total heat of the globe. 

Again, if >iwe carefdlly consider the problem, we shall find 
that this is not heat wasted in addition to that constantly 
escaping through the secular refrigeration of the globe. 
Bather it is part of this heat, which would otherwise be 
wasted, used up in the production of the mechanical work 
of mountain-building. 

Nor mu9t we lose sight of the probability of the existence 
of a conservative force, consisting in the chemical reactions 
that probably take place among the materials of the crust, 
when subjected to these extraordinary changes. 

These calculations are merely given as an illustration, 
certainly not with any view to accuracy; the proportions 
may be varied at the discretion of the reasoner, but I think 
the impression left on the mind from the process will be that 
the internal heat of the globe is abundant enough to account 
for mountain-building by local expansion. 

Especially will this be the case when we consider that the 
loss of heat by the cooling of a crust or shell 30 miles thick 
over the whole globe, from 3000° to a mean of 1500° Fahr., 
would involve a vastly greater loss of heat than that required 
for the mountain upheaval in these calculations, in fact over 
17 times as much *. 

* This is considering the shell alone, exclusive of the secular refrigeration 
of the sphere below. 
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It is quite evident^ if our globe has been orginally molten^ 
that a much greater loss of heat has occurred in the cooling 
of the crust alone than is required for the mountain uplifts 
in our example. 

But we are not confined to a mean temperature of the 
globe of 6000° Fahr. ; it may be more now and in early 
periods may have been greater stilly if the secular refrige- 
ration hypothesis be correct*. 

* The temperature of solidificatioD is taken by Sir William Thomson 
at 7000=* Fahr. 



CHAPTEB XI. 

EXAMINATION OF THE HYPOTHESIS THAT MOUNTAIN- 
RANGES ARE RIDOES THROWN UP BY THE COM- 
PRESSION INDUCED IN THE RIGID CRUST OF 
THE GLOBE BY A SHRINKAGE OF THE HEATED 
NUCLEUS. 

I HAVE already attempted to show^ principally by geological 
considerations^ that the compression of a rigid crust through 
tangential strains set up in it during its gravitation towards 
a contracting nucleus^ does not satisfactorily account for 
many of the phenomena associated with mountain-building. 

So far I have, forthe sake of investigation, leftunquestioned 
the possibility of a sufficient development of compression 
and tangential strain arising in this way to account for the 
upheaval of mountain-ranges. 

Perhaps it may be considered a hazardous thing to con- 
trovert this opinion, adopted, as it has been, by so many 
eminent men, but it seems so clear to me that such a result 
does not necessarily follow from the hypothesis, that I 
venture here to state the reasons which have driven me to 
this conclusion. 

First, then, I may point out that an important link in the 
chain of reasoning has been omitted, inasmuch as the shrink- 
age of the solid shell itself through the gradual cooling of 
its lower zones has been unconsidered in the application of 
the hypothesis. 

In the cooling of a sphere from the exterior, the first strain 
set up would more likely be one of tension than of com- 
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pression^ from the contraction of the external shell. But we 
may waive this point as not material to the issue, and accept 
the existence now of a solid shell, say, for the sake of easy 
calculation, 30 miles in thickness, the outer surface being at 
a temperature of 50° Fahr. and the inner 3050° Fahr., such 
a shell being the nearest approximation to the one we suppose 
now exists. 

We will Airther assume that at a former period the shell 
was only 15 miles thick, the inner surface-temperature then 
being 3050° Fahr., and that from this condition the globe 
has gradually cooled down so as to possess a crust correspond- 
ing with the one accepted as now ezistant, namely 30 miles 
thick. 

Leaving out of consideration for the moment the effects 
of denudation, we will assume that the outer surface of the 
globe remains of a constant diameter of 7912 miles'^. The 
surface cannot be affected by contraction or expansion by 
heat, as its temperature varies only in response to external 
or climatic influences. 

At 15 miles deep the crust, on its thickening to 30 miles, 
will have cooled from 3050° F. to 1550° F. Let us see 
what the circumferential contraction would be of a zone of 
rock at this depth. 

For the sake of simplicity I will omit the varying expan- 
sibility of its component strata, and assume the effective 
contraction to be as determined by the mean of my experi- 
ments, namely 2*75 feet per statute mile for every 100° F. 
loss of temperature. 

This would give 41*25 feet per mile linear contraction of a 
zone at the depth of 15 milesf, or 1,025,323 feet= 194 statute 
miles circumferential contraction of the globe. (Plate 
XVIII. fig. 2.) 

♦ * Outlines of Astronomy/ Herschel, p. 560, 9th ed.; 7912-41 miles 
mean diameter, considered as a sphere, 
t This is 7912-r2-15=.3941 miles radius. 
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PLATE XVm. 

Diagram to Castrate the Effect of Secular Contraction on the 

Earth's Crust 

The Quadrant A B, fig. 1, represents in true proportion to the radius 
of the circle a crust 30 miles thick. 

The quadrant BD CE represents a crust 30 miles thick^ but exaggerated 
in scale in proportion to the radius. 

The hne/ff represents a zone, the temperature of which is assumed 
to have been formerly 3050° F., but which zone by secular refrigeration 
has cooled down to 1650^ F., the zone of 3060'' F. sinkmg to CE. The 
unshaded triangles h, h and space between the double lines fg represent 
in true proportion, iu relation to the thickness of the crust, the contraction 
that the portion of the crust enclosed by B D fg would undergo by 
such a cooling. 

On the hypothesis that the radial contraction for this amount of 
secular cooling would be 2'04 miles, the black line B to D shows the 
SHELL OF COMPRESSION ; all bclow to f ff being the shell ov con- 

TBACTION. 

In nature the unshaded triangles below the ** zone of flowing *' would 
become filled by compressive extension of the rock, or, rather, the con- 
tinuity of the beds would remain unbroken. 

It b not definitely shown in this diagram what would take place below 
f g, but the hard part of the crust would form a continuation of the 
shell of contraction, as indicated by the imshaded portions. 

JK, fig. 2, is a section of a portion of the crust showing by an unshaded 
triangle the amount of contraction as above, for the whole of the crust 
16 miles deep, if concentrated in one place, instead of being distributed in 
8 triangles as previously assumed. The white triangle in the black band 
at / shows the total amount of compression due to the radial contraction 
assumed. 
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If the radial contraction of such a sphere for this amount 
of cooling were 30*8 miles^ the lower zone of rock would 
be neither subject to compressive nor to tensile strain. If 
it were less, the strain would be tensile ; if more, compressive. 

What would the radial contraction amount to ? Probably 
nothing comparable to this. The Rev. O. Fisher calculates 
that if the temperature of solidification were 7000° F., our 
globe would have radially contracted from the time of solidi- 
fication to the present time 1*9 miles'**'. 

It follows that if the radial contraction were fifteen times 
as much as Mr. Fisher calculates, the zone of rock at 15 miles 
deep would never at any time have been under com- 
pression.t 

But we are not driven to dependence on Mr. Fisher^s 
results ; a little common-sense reasoning will show us that 
rocks at this depth, subject to the amount of cooling our 
Earth is assumed to have undergone, never could have been 
affected by compressive strain from such cooling. 

It logically follows that if the radial contraction per mile 
is the same as the circumferential contraction per mile, there 
will be no strain at all set up in that part or zone of the 
crust where this circumferential contraction occurs. 

It is also pretty clear that, as the heated globe is cooled 
from the exterior, the radial contraction must vary at every 
point in the radius, being least at the jurface, greatest at a 
certain distance down, probably about the zone of 3000® F., 
and from that point decreasing rapidly until it is nil. It 
therefore follows, as the mean rate of radial contraction is 
less than the circumferential, that at the zone of greatest 
contraction the rocks will be subject to a tensile strain, but 
at the surface of the sphere to a compressive strain. 

* < Physics of the Earth's Crust,' p. 72. 

t " According to Mr. Mallet the diameter of the Earth is less by at 
least 189 miles since .the time when the planet was a mass of liquid.^' 
Geikie, Text-Book, Ist ed. p. 286 (see Phil. Trans. 1873, p. 206). 
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Practically tension could not take place^ as the superin- 
cumbent strata would by vertical compression elongate the 
rocks at the zone of greatest contraction to fill the vacuities 
that otherwise would be created. 

But at what depth below the surface would tangential 
compression begin to act? This altogether depends on a 
correct determination of the radial contraction. 

In the case assumed^ at a depth of 1 mile^ the loss of 
heat by secular cooling would be 100° P., and the circum- 
ferential contraction of the rocks at this zone 13 miles. 
With a radial contraction of 2*04 miles^ the crust at this 
depth would be neither in tension nor compression. (See 
diagram, Plate XVIII. figs. 1 & 2, p. 123.) 

These considerations have led me to think that there is a 
fallacy in the reasoning which attributes the corrugation of 
the Earth's surface to the contraction of the nucleus. If the 
above reasoning be valid, it is plain that whatever com- 
pression may take place in the crust of our globe must be 
confined to a very slight depth below the surface. To such 
a thin stratum in fact, that the ordinary denudations con- 
stantly going on would probably obliterate most of the 
resultant corrugations. 

Nor must we forget, in estimating the value of this hypo- 
thesis in accounting for the phenomena of mountain-build- 
ing, that, contrary to jFhat should happen according to this 
hypothesis, the corrugations, foldings, and compressions of 
the strata of the Earth's crust increase with the depth to 
which they have been buried. 

From these various considerations, I have arrived at the 
conviction that the cooling of our Earth has not extended to 
such a depth that we need consider the internal contraction 
as a geological cause. 

In the course of ages, when it has run its course, and the 
crust has grown thicker and colder, the efiEects of contraction 
will become more sensible, and the shell of compression 
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extend deeper into the earth. But this is a matter of the 
geological future which does not greatly concern us."^ 

Analogy of the Moon. 

Fortunately^ in attempting to discover the e£fect of secular 
refrigeration upon a cooling globe^ we are not limited entirely 
to deductive reasoning. If, as astronomers and physicists 
aver^ the moon is a dead planet^ that is^ has reached the 
final or nearly final stage of secular refrigeration^ we can 
look to her for information as to the manner in which con- 
traction affects the crust of a planet. 

In 1875 I pointed out the geological distinctions between 
the Moon^s surface and that of the Earth f, and showed that 
the physical features of the face of the Moon^ which have 
been mapped with great accuracy^ show a general absence of 
the effects of denudation such as characterize the Earth. 
This^ it was considered^ not only strengthened the view that 
our satellite possesses no atmosphere and no water now^ but 
that if it ever had them^ it must have been at a very early 

* Since writing this chapter I have, with the usual liberality of the 
American Govemment, received a copy of the 4th Report of the U.S. 
Geological Survey. 1 cannot resist quoting the following incisive lines 
by Capt. Dutton (p. 193). 

*^ To this hypothesis there is a conclusive answer — indeed, a good 
many answers. The most direct one u as follows : — ^The very facts and 
line of argument which is relied upon to sustain a cooling globe proves, 
when pushed to its consequences, that the great interior of the Earth has 
not as yet undergone any sensible amoimt of cooling. The only cooling 
which that argument admits of has been located in a thin external shell 
not much thicker in any case than 160 miles, and much more reasonably 
not thicker than 80 or 00 miles. In short, the cooling would be only skin 
deep, while the nucleus is about as hot as ever. But by the terms of the 
hypothesis, if the nucleus has not cooled, it has not contracted, and the 
external shell has not collapsed in the way supposed. In short, the hypo- 
thesis is refuted by simply taking its data, and postulates, and pushing 
them to their inevitable conclusions." . 

t " The Moon and the Earth," Presidential Address, Liverpool Geolo- 
gical Society, 1875-6. 
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period and in a very small degree ^, An attentive study of 
the maps of the Moon by Messrs. Nasmyth and Carpenter 
failed to disclose to me any trace of the well-known effects of 
denudation familiar to the student of the Earth's Geology. 

If therefore the Moon's features have been comparatively 
unaffected by external agencies excepting those of great 
changes of temperature between our satellite's day and nighty 
and the cooling and consequent contraction has reached an 
advanced stage^ it is natural for us to expect to find some 
pretty decisive indications of the way in which such con- 
traction of the nucleus has affected the rigid envelope. 

That portion of the Moon's surface which can be seen from 
the Earth is about four-sevenths of the whole. The class of 
features observable are four in number and consist of: — crater 
rings (with or without central cones^ the largest of which have 
been called walled plains) ; mountain-chains with occasional 
isolated peaks ; extended plains called ^' seas/' with more or 
less irregularity of surface ; cracks or fissures occasionally 
forming cliffs — one valley and bright radiating streaks. 

The dominant forms are undoubtedly the " craters/' which 
exist within a limit of largeness^ but apparently without limit 
of smallness. Probably the next important features are the 
" mountains/' of which there are a few isolated examples^ 
but mostly they are collected into stupendous chains. In 
one of the grandest of these chains^ it has been estimated 
that a good telescope will show 3000 mountains clustered 
together^ without approach to symmetrical order. 

It is remarkable that nothing in the shape of foldings are 
detectable by the telescope. If such had resulted from the 
crushing-in of the solid envelope^ we should expect to find 
some of the principal craters^ which measure firom 20 to 

* Ericsson has put forward the novel theoiy that the ''ring-mountains " 
in the Moon are formed of ice from the congelation of steam arising from 
crater-pondsy and estimates that '' the sum total of water on the Moon 
amounte to 2,028,*600 cubic miles/'—* Nature,' July 15, 1886, p. 261. 
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80 miles across^ deformed by such foldings. Apparently 
nothing of the sort has occurred^ at all events the effects 
are not discernible. In Plate XIX. is reproduced, by per- 
mission^ Nasmyth and Carpenter's excellent view of the 
Lunar Apennines, the crater Archimedes, &c. In whatever 
way these mountains may have been built up, they are, it is 
evident to the geological eye, quite dissimilar to mountain- 
ranges on the Earth produced by lateral pressure and 
folding. 

So far as we can see, the strains which have occurred 
in the Moon^s solid envelope have been relieved by fissures 
and cracks. The broken appearance of the surface, and some 
of the ridges^ may be due in part to lateral pressure. The 
enormous number and size of the lunar craters probably 
arises from the relief of the strain taking the form of emission. 
The lava may have welled-up by the falling-in of the crust — 
such welling-up keeping large portions of the crust molten. 

As pointed out by me in the Address referred to, if there 
has been no denudation of the Moon^s surface such as takes 
place on the Earth, sedimentary deposits could not have been 
laid down. No evidence of such deposits are indeed dis- 
coverable, and we have good reason to believe they do not 
exist on the Moon^s surface. 

If horizontal pressure and folding as here maintained 
is intimately connected with sedimentation as cause and 
effect, the explanation of the absence of such structures in 
the Moon's physiography as are exhibited in mountain- 
ranges, is at once explained. 

PLATE XIX. 

The Lunar Apennines, Aichimedes, &c., from ' The Moon considered 
as a Planet, a World, and a Satellite/ by Nasmyth and Carpenter. A 
comparison of this with a shaded map of a mountain-district like Switzer- 
land (the Alpine Club Map for instance, published by Messrs. Longman), 
will show how dissimilar these reliefs are to those of the Earth which 
have been produced by horizontal pressure. 



CHAPTER XII. 

OTHER THEORIES OF COMPRESSION BY 

GRAVITATION. 

It is evident that the motive force invoked by the theory 
just examined is gravitation — the gravitation of a rigid shell 
towards a shrinking nucleus. The introduction of a plastic 
or molten shell between the upper rigid crust and the solid 
centre in no wise affects the argument as to the incompetency 
of contraction by loss of heat to produce the phenomena of 
mountain-building. 

Mr. O. Fisher has suggested an additional source of con- 
traction in the loss of water^ which he thinks takes place in 
the form of steam emitted by volcanoes. As it is a debatable 
point whether this steam is derived from water which has 
found its way downwards from the surface or is initially 
contained in the molten magma^ it would seem an insecure 
hypothesis on which to base a theory of contraction. Even 
if we grant that every jet of steam which ever issued from a 
volcano were so much matter taken from the Earth's interior^ 
it would appear to me^ from the following considerations^ to 
to be quite inadequate to provide sufficient contraction for 
the development of mountain-ranges by tangential stress. 

If we consider that the oceanic waters only average about 
2^ miles deep according to the latest calculations^ and 
certainly would not exceed a mean of 2 miles if distributed 
over the whole globe^ we have a gauge wherewith to measure 
the extent of such possible contraction^ for unless the volcanic 



130 OTHER THEORIES OF 

steam were drawn o£f into space^ the ocean must on the 
hypothesis be the receptacle for it when condensed. 

If this oceanic water were all derived from the interior — a 
very violent supposition — it would^ the bulk remaining con- 
stant^ provide for a radial contraction of from 2 to 2^ miles. 
Therefore the contraction would be inadequate^ unless we 
imagine the matter of the Earth's interior to be in a state of 
great distention by superheated steam^ a supposition that 
is negatived by its great specific gravity *. 

Mr. Osmund Fisher^ since suggesting this hypothesis of 
contraction^ after further examination finally rejects it f, and 
in lieu thereof substitutes the following theory : — 

He considers that if the crusty estimated at 25 miles 
thick^ resting on a fluid substratum^ fissures at the bottom^ 
such fissures may become filled with superheated steam^ 
which will exert sufficient pressure on the walls of the rents 
to account for the lateral pressure to which we find the 
Earth's crust has been subjected^. The objections to this 
theory are serious. There is no geological evidence that 
any such deep fissures were ever formed^ for^ as will be 
explained further on^ it is improbable that volcanic dykes 
originate at such a vast depths and still less that the spaces 
they fiU were ever occupied with anything but solid matter. 

Anyone who has had practical acquaintance with steam 
will, I think, negative the view that vapour could exist in the 
earth on a large scale at a tension sufficient to exert greater 
e£fective lateral stress than is due to the actual weight of 

* There seems no reason to suppose that there is more water on the 
Earth now than in former geological periods, which there would be if 
steam from the interior of the Earth were constantly being condensed. 
Many physicists consider that the water of the ocean is, on the contrary, 
being used up in hydrating the cooling crust, and point to the Moon as a 
final example of this process. Neither proposition can be proved. 

t * Physics of the Earth's Crust,' p. 183. 

t Ibid. p. 186. 
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overlying rock. The presence of such high-tension vapour 
is inconsistent with the existence of the globe; it would 
burst*. 

None of the theories already exSimined provide quantita- 
tively an adequate explanation of the compression we every- 
where see was the accompaniment of mountain-bifilding. 

But there is yet another theory which calls in gravitation 
as the compressive force. I allude to that proposed by 
Mr. W. B. Taylor t, who assumes that at one period the 
Earth had four times its present rotational velocity^ and an 
" equatorial protuberance 396 miles higher than at present/' 
while '^ the poles would have been about 658 miles nearer 
the centre of the Earth than they are at present J. 

We may at once admit that this is invoking a tremendous 
compressive force which would a£fect almost every part of a 
solid globe. As the rotatory velocity decreased such a globe 
wouldj in assuming the form due to its velocity^ compress 
its constituent rocks at the equator^ and bulge them out 
at the poles. 

The theory seems^ however^ to possess the weakness 
common to most of such suggestions. It does not explain 
the phenomena as nature presents them to us. Mountain- 
ranges are not all meridional in their direction^ which would 
apparently be the case if they were created in this manner §. 

Nor does it explain why mountains are invariably built 
out of great thicknesses of new sediments. It is purely a 
physical^ not a geological theory. 

• A prSds of Mr. Fisher's views is given in Mr. Jukes-Browne's 
' Handbook of Physical Geology/ a work containing much new and well 
arranged matter. 

t '' On the Crompling of the Earth's Crust/' ' American Journal of 
Science/ Oct. 1885, pp. 249-266. 

X Ibid. p. 267. 

S If not an meridional there would exist a successive 83rmmetry of 
position that could not have escaped notice. 

k2 



CHAPTER XIII. 

APPLICATION OF THE THEORY OF LOCAL EXPANSIONS 
OF THE EARTHS CRUST TO EXPLAIN CHARACTER- 
ISTIC FEATURES OF MOUNTAIN STRUCTURE. 

INSTANCES OF COMPRESSION AND MOVEMENTS OF 

ARCHAEAN ROCKS. 

We are now in a position to examine in detail whether the 
expansion of rocks by beat does not afford a better expla- 
nation of all the phenomena of mountain-building than any 
imaginable compressive force originating in gravitation. 

In the first place^ a little consideration will convince us that 
expansion by heat will affect equably every particle and 
molecule of matter in the rocks. 

The internal strains set up in a stratum expanding^ but 
unable to lengthen itself laterally in consequence of its being 
buttressed up by the surrounding portions of the Earth's crust, 
will be distributed throughout the whole expanding mass. 

If, on the other hand, the force were applied at the ends 
of the stratum as a compressive strain, instead of through 
every particle as by heat, the result would be a crushing at 
the ends where the pressure was applied. 

But under certain conditions, crushing may follow from 
expansion, as we shall see further on. 

Repeated Compression of the Lowest Rocks in the 

Geological Series. 

The researches of modem geologists have shown that the 
earlier rocks have been the most powerfully affected by 
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compressive strains. The gneisses and schists which seem to 
underlie all the Palaeozoic sediments^ give evidence of the 
repeated application of compressive forces. 

It is not my intention to enter into the Archaean 
controversy further than to note that wheb gneiss and true 
schist appear in great masses, it seems to be prima facie 
evidence that they are older than the oldest Palaeozoic rocks. 
The manner in which the newer strata are often involved in 
the folds of these older rocks and metamorphosed^ had led 
geologists^ who thought they were applying the principles 
of Hutton and Lyell^ to confound them together^ and assign 
the age of the involved rock to the whole mass. 

An attentive study of the abstracts from the writings of 
various authorities on mountain-structure^ given in previous 
chapters^ and^ as far as was possible^ in their own words^ will 
show that in every case the newer sediments lie geologically 
upon gneissose and schistose rocks when not on granite or 
granitoid rock. Such gneissose and schistose rocks never 
rest on the newer rocks except through the agency of great 
folds and displacements. 

I admit this, knowing at the same time that it is con- 
sidered by some excellent geologists to be a heresy. Admira- 
tion for the principles of Geology as expounded by Hutton 
and Lyell, must not, however, blind one to new truth. 
Science is progressive ; we see but a little way at a time ; we 
make generalizations which include all the then known phe- 
nomena. Alter a while we find some stubborn fact of nature 
that refuses to range itself on the side of our generaliza- 
tion. The generalization may not be wrong ; on the con- 
trary, it may be perfect up to a certain point : that is, true 
with limitations. A new set of phenomena may come in to 
limit our generalization. 

If wise, however unpalatable it be to us, we accept the 
fact, and take a fresh departure. 

This, I take it, is what has occurred in Geology. I must 
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guard myself against being supposed to accept the doctrine 
that microscopic iithology is to take the place of palaeonto- 
logy in fixing the age of the older rocks. I fancy there are 
but few who take so extreme a view^ and they are enthu- 
siasts *. 

Still little is done without enthusiasm; it is the lever that 
moves the world. Certainly it is due to the labours of an 
ardent band of geologists of a new school^ that the true 
succession of the Highland rocks has been approximately 
discovered. 

That gneissic rocks^ such as are found in the Highlands^ 
could not succeed Palaeozoic rocks in geological sequence^ 
was the contention of those who doubted that the accepted 
Murchisonian succession was the correct one. This led to 
fuller inquiry and more careful examination by those who 

* Since the above was written, Mr. Q. F. Becker has in the ' American 
Journal of Science ' (May 1886, pp. 348-357) described some metamor- 
phic rocks of Califomia which are considered to be of Cretaceous age. 

Mr. Becker states that all the more important minerals of the Archsean 
schists are found in the metamorphosed rocks of the Coast-Ranges, but 
the quantitative relations are different^ especially those of the felspars^ 
plagioclase being more common in the Coast-Ranges, while orthoclase 
predominates in the Archaean. 

There is £Bur less evidence of pressure than in ArchsBan areas, and the 
intensity of the chemical actions has been much less uniform ; ** but it is 
evident that under conditions not greatly dissimilar to those which pre- 
vailed in Califomia at the close of the Neocomian, rocks not distinguish- 
able from those of the ArchsBan areas might have been formed.'' 

The depth at which the rocks now exposed were buried at the epoch 
of metamorphism was probably 2000 to 3000 feet. They show little 
indication of moulding by pressure, but " the amount of fractming is 
really astonishing." 

I do not consider that this very interesting information in any way 
invalidates the general principles stated above ; the lesson I should draw 
from it is rather that it is unnecessary to invoke 'extraordinary agencies 
for the original production of the Archaean schists, and in this respect 
it supports the great principles of Gleology established by Hutton and 
LyeU. 
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favoured what are called Archsean views of Geology. So far 
the result of the Highland inquiry has vindicated the views 
of this school, as opposed to those of Murchison. It was 
then founds as so well explained by Prof. Judd *, that the 
late Prof. Nichol had anticipated by a good many years 
some of the now accepted views of the order of succession of 
the Highland rocks. It was^ however^ through the labours 

• 

of Dr. Charles Callaway and Prof. Lapworth that the 
demonstration first came, which has been accepted by the 
Survey. The knowledge of the great foldings, thrust planes, 
and reversed faults which distinguish the north-western part 
of the Highlands of Scotland has been since much extended 
by the labours of Messrs. Peach and Home, as shown in the 
clear exposition of Dr. Arch. Greikie f* 

These discoveries are so intimately connected with the 
knowledge we now possess of the extraordinary foldings 
which have * taken place in the building-up of mountain- 
ranges that it was impossible to avoid alluding to them. 

In a paper on the '^ Newer Gneissic Bocks of the Northern 
Highlands " j:. Dr. Callaway clearly demonstrated, by acute 
and conclusive reasoning, based on careful examination, that 
gneiss of Archsean age, called by him '^ Caledonian gneiss,'' 
is found resting upon members of the ^'Assynt series,'' which 
are of Silurian age. This is shown (pp. 403-^) in both a 
dip and strike section of Ben Amaboll. 

He also clearly showed that the several members of the 
Assynt series are frequently folded back upon those below, 
so as to produce the impression of geological succession in 
the beds. In this way the difficulty of the supposed existence 
of two quartzites was surmounted, and the way paved for the 
acceptance of the new views. 

The demonstration of the fallacy of the accepted classifi- 

* Address GeoL Section British Association, 1885. 

t 'Nature.' 

X Quart. Joum. G^oL Soc., August 1883, pp. d6&-414« 
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cation of the rocks depended altogether upon the actual 
tracing of the overthrown beds along the folds. If this had 
been done thoroughly^ even in the time of Murchison's in- 
fluence^ it is questionable if his views would have prevailed. 
It was a very difficult piece of geological surveying, which 
could only be accomplished by great labour and pertinacity 
in the field. Would this labour have been undertaken, or 
the difficulties overcome, had not the authors been under the 
enthusiasm of an idea ? 

While waiting for the confirmation or disproof of the 
further views of the Archsean geologists, we cannot refiise 
them the meed of praise for helping to put the geology of the 
northern Highlands on a sound basis ol fact. 

And here I may express my opinion that the new views 
are not opposed to the Huttonian principles of Geology. 
Some of the early generalizations may have to be modified, 
but they are too deeply founded in truth to be destroyed. 

Prof. Lapworth, surveying an adjoining area at the same 
time, arrived at pretty much the same result as Dr. Calla- 
way. In a paper contributed to the Geological Magazine, 
entitled " The Secret of the Highlands,'^ * he showed very 
conclusively, by a comparison of the foldings and faults of 
the Highland rocks with those of the Alps, as figured and 
explained by Heim, that the whole area is the denuded rem- 
nant of a great mountain-chain. 

That these folds, overf olds, overthrusts, reversed faults and 
normal faults,' fractures, fissures, and crushings, are not the 
efiect of one series of lateral movements, as is usually assumed, 
I hope to show. On the contrary, I venture to maintain that 
they are due to repeated lengthenings of the strata over im- 
mense areas by expansion and consequent local compression, 
combined with repeated faultings through contractions of the 
strata in masses during cooling and loss of heat. 

♦ 1888, pp. 120, 193, 337. 
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A mountain-chain may be due to one series of such com- 
binedj though successive earth-movements. Or it may have 
been created by a repetition of such disturbances at diflPerent 
geological periods. 

Instances of Repeated Compression. 

Prof. T. G. Bonney, in a short but most interesting and 
suggestive paper in the Geol. Mag. for November 1885 
(pp. 494-496), entitled " Preliminary Note of some Traverses 
of the Crystalline District of the Central Alps,'* shows that 
'^ the principal metamorphism of the crystalline series was 
anterior to the Carboniferous.^* The proof of this lies in the 
fact that the conglofnerates which often occur at the base of 
the non-crystalline series contain fragments of the crystalline 
rocks undistinguishable from the parent rocks. 

In the heart of the principal Alpine chains, and seemingly 
at the base of everything, are coarsely crystalline gneisses 
apparently differing little from granites, except that they 
generally exhibit a certain foliation, and occasionally seem 
to be interbedded with thin seams of micaceous schists or 
flaggy fine-grained beds. 

On examination, these latter beds appear to be generally 
due to crushing. Their strike agrees with the apparent 
foliation of the older crystalline rocks, and with that present 
in the newer crystalline rocks. This corresponds with 
the strike of the main physical features of the district, and 
with the cleavage of the included troughs of sedimentary 
rocks. It runs for great distances with a remarkable 
uniformity, and does not materially vary from W.S.W.- 
E.N.E. 

This apparent foliation is due to the development of 
extremely thin films of a micaceous mineral. Although 
often bearing the aspect of a highly micaceous schist, on 
examination in a transverse section it is distinctly seen to 
be a crushed gneiss ; though conspicuous, it is a mere varnish. 
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To this surface Prof. Bonney gives the name of " Sheen 
Surface/' 

It is a kind of ^'cleavage foliation/' — that is, a foliation due 
to cleavage and subsequent to it. Although from certain 
points of view so conspicuous, its remains often constitute a 
very small part of the mass of the rock. 

The pressure which has produced the " sheen surface '' has 
in many cases a£fected the orientation of the minerals, which 
are present in the true '^foliation'' layers of the more distinctly 
foliated or mineral banded rocks. It has affected these 
minerals^ as pressure affects the constituents of a sedimentary 
rock. Very commonly the sheen surface corresponds with 
the original foliation-surface ; it may, however, be seen in 
some cases crossing the foliation at all angles. It behaves, 
in fact, as cleavage in slates does with regard to bedding. 

Prof. Bonney^ who has made the study of crystalline rocks 
a speciality, concludes that a non-foliated rock may be 
rendered to some extent foliated by pressure followed by a 
certain amount of mineralization. Thus some gneisses may 
be formed by crushing from granites, some schists out of 
other igneous rocks. '' It may obliterate an earlier foliation 
or it may intensify it, or it may produce an independent and 
more fissile foliation." * 

In this sense gneiss may be said to pass into granite, and 
these superinduced changes are no doubt responsible for the 
views held by some goodL geologists that granites may be of 
metamorphic origin. 

Proceeding outwards from the central granitoid masses of 
the Alps, we come on gneisses and schists where the evidence 

* In his late Presidential Address to the Qeological Society, Professor 
Bonney has expanded some of these points. He considers that he can 
distinguish between stratification-foliation, or foliation obscurely indi- 
cating the bedding-planes, and a secondary or cleavage foliation, initiated 
at a much later date — "post-Secondary and probably post-Eocene." — 
Q. J. G. S., May 1886, pp. 99 and 107. 
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of some kind of stratification is more marked^ '' bands of 
crystalline limestone^ quartzite^ and granulite being asso- 
ciated with mica schists of many kinds — simple^ gameti- 
ferous^ staurolitic^ actinolitic and the like— the bands of 
difierent mioeral character and composition^ varying from 
mere streaks to layers many yards in thickness/' They are^ 
in fact^ associated exactly as limestones^ sandstones^ and 
clays are associated in the ordinary sedimentaries. This is a 
most concise and lucid description of the crystalline rocks, 
which form the axes of so many great mountain-ranges. 
It enables us to understand the various changes necessary 
for their genesis. 

Dr. Callaway is of opinion that in some cases the apparent 
foliation of granite is really the fluxion structure impressed 
upon it by lateral pressure during consolidation. The foli- 
ated granite of Northern Donegal, mistaken by some for 
Laurentian gneiss, he considers has been produced in this 
way. Included blocks of diorite are unaffected by the folia- 
tion. Had the foliation been impressed upon the granite 
after consolidation, he thinks the diorite would have become 
foliated also*. 

That the main characters of the Crystalline rocks — gneisses 
and schists — were impressed upon them before the pressure 
which folded them with the overlying Silurians was applied, 
is Dr. Callaway's opinion as well as Prof. Bonney's. He 
tells me he finds no distinguishable difference between the 
boulders of Crystalline rocks in the Palaeozoic conglomerates 
and the parent rocks from which they comef* 

• " On the Qranitic and Sclustose Rocks of Northern Donegal" Q. J, 
G. S. May 1886, p. 230. 

t According to Emmons the crystalline rocks are of igneous origin, 
and owe their banded structure to an arrangement of their mineral 
constituents by movements while yet in a liquid state, so that gneiss 
may be defined as a laminated granite. — Sterry Hunt, " Report on Azoic 
Rocks of S.E. Pennsylvania," Second Geol. Survey of Pennsylvania, 
1875, p. 44 K. 
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Flawing of the Crystai&te RaeJa. 

If the rocks forming the cores of such nn^ei as die Alps 
were ciTstalline before the upheaT&l of the mauDXains, it is 
quite erident thst, hard and rigid as they veze, ther mast 
haTe responded to the snbterranean pressures^ and jLamtd 
like lead through a die. Li no other waj does it seem 
possible to accoont for the forms these crr^ccalline roi^ have 
assumed* 

Mr. Clarence King gives some interesting evidence of die 
efiSect of pressure on the Archaean cocks \A the Sockr Mami- 
tain»*. '^ In connection with these poec-Crecaceous fiilds 
over the Archaean bodies are some inmescng efEecti of 
compression and distortion of the central Aiduean maoa." 
'* From the modem positions of these Oid shore-Gnes it is 
seen that the .Vrvhaean bodr sullered in the posc-Cretaceoos 
orography, not ouIt an irregular uplzft. resiikzng in vertical 
waves* but a true torsion by which the body of the island 
has ai*tuallv yielded to a twistin:c force, amoanzin^ in some 
placvs to a $hcar of jOIX> iec/' . . . " Lx yielding to thcs 
force the Archwau bodies have ieveicoed m amount of 
plasticity which, in view of TJxeir ory?cuIine aacure. is very 
surprisiujc/* 

Mr. King alsi.> i^tacc^ that these Arcoseaa BLcck5 ** were 
altcreil ititv.* their preseut crystalline ot>adiriun pnor to being 
folded up into uiouucain^rauges^ Thjz^ is^ ppjn^d nrom dbe 
tragtucuts of the bedded sscoiscs that ;ue envei»;ped in plastic 
^ratucv« which appears ;» discincc incr*is;ons in riita ami 
fractures of the crvscaliiue bed& v.*auseu ic ihc nme of their 
foldutg or upheaval.'' 

'Che uhciiomcuou of ' !fatt-<jcrucrjre/' woicQ » weil ^own 
m Hc«M** S.vtiou ot the Ccocral Aps F'are XIV. Sg. l^ 
p. V^U »?* a clear proof than these vry^scalline r-jck* have 
** rtowcil* under pressure ^.> an euornxcuzs cx%nt. The 
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PLATE XX. 

View of MonirBhmc Massif from the Cantme in the AlUe Blanche 

(from a sketch in 1867). 

The bottom of the yaUey consists of Jurassic strata enclosed in a fold 
in the crystalline rocks. In the valley of Chamounix, on the opposite side 
of the massif, the Jurassic rocks are similarly enclosed in a fold. (See 
map of Switzerland, Plate XHI., p. 97.) All the Mont-Blanc massif 
consists of crystalline rocks, forced up in a fan-like form in a similar 
manner to that of the St.-Gothard (Plate XIV.). As can be seen on 
reference to the Map, it is in reality a continuation of the same ciystal- 
line core — an elongated dome, pushed up into or through the Jurassic 
and later rocks, since denuded. 

Saussure, as pointed out by Daubr^e, was the first to observe that the 
massif of Mont Blanc was divided into large foliations, having their 
planes parallel to each other and parallel to the direction of the chain. 
These foliations, which are nearly vertical in the centre, are inclined at 
the sides, dipping symmetrically towards the axis, so as to present in 
transverse section the appearance of an open fan. Protogene forms the 
central mass, and passes gradually into gneiss and talc-schist, which en- 
velop it to a great thickness, except on the south side (All^ Blanche). 
The crystalline rocks are thrown over the stratified Jurassic like as if the 
Jurassic had been pushed into a cleft in the middle of them, in the shape 
of a button-hole, as expressed by Elie de Beaumont. " The same struc- 
ture has been recognized in the St. Qothard, the Bernese Alps, the Py- 
renees, and elsewhere.'* Some of the minerals were crystallized before 
the rocks were foliated, such as mica, orthoclase, oligoclase, &c. ; while 
some, which lie across the plane of foliation, niust have been formed after- 
wards ; but even some of these are bent and broken by after-movements. 
All these facts tend to show that slow movements went on for a long 
time, affiscting the whole interior of the rock posterior to the production 
of the foliations. 

It is interesting to compare the section of the Central Alps (Plate XIV. 
fig. 1) with the generalized section of the Eastern Alps by Sedgwick and 
Murchison, in their admirable paper on the *^ Structure of the Eastern 
Alps *' (Trans, of the Geol. Soc. 1832). A similar central core of crys- 
talline rocks appears with the sedimentaries arranged on either flank, 
but, as is usual in mountain sections of this early date, no foldings are 
exhibited. 
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St. Gothard massif was originally one of these vertical horse- 
shoe loops — so also was that of Mont Blanc. It is difficult 
to see how such a form can be explained except by 
'' flowing." The rock has seemingly been forced upwards, 
and has flowed from between the advancing jaws of the 
tightly compressed sedimentary folds. 

Again, where the interior mass of an overfold is composed 
of crystalline gneiss, such as is figured in Dr. Callaway's 
section across Coniveall, the only probable explanation is 
that the rock has flowed^. I use the term '^ flowed*' to 
distinguish the movement from that of the '' folding'' of 
regularly stratified beds, which are subject to strains of a 
more complicated and composite nature, one part of a bed 
being extended, while another part is thickened by lateral 
compression. Another part may be subject to tension or 
compression in bending ; the whole being, in one way or 
the other, repacked and adapted to their altered conditions 
of space. 

The geological structure of the Northern and Middle 
gneissic regions in Pennsylvania is described by Rogers as 
presenting a series of closely appressed folds, most clearly 
seen in the South Mountain, where, from one end of the 
range to the other, the gneiss and the older Appalachian 
strata in contact with it are bent into a series of folded 
or inverted flexures t (see Plate IX. p. 42). But Prof. 
H. D. Rogers elsewhere remarks that " the gneiss in many 
localities has no symmetrical foldings, but only a broad out- 
crop with a definite dip'' J. Such is the difficulty in inter- 
preting a district like this, that Prof. Lesley, in comparing 

• Q. J. G. S. 1883, p. 383. 

t Second Geol. Survey of Pennsylyania. Azoic Rocks of South-eastern 
Pennsylvania, by Sterry Hunt 1875. Part I. 

X " The Azoic System and its Subdivisions/' by J. D. Whitney and 
M. E. Wadsworth. Bulletm of the Museum of Comparative Zoology, 
Harvard College, 1884. 
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Mr. Hallos views with those of Mr. Rogers^ says that Prof. 
H. D. Rogers was guided everywhere by a theory of parallel 
anticlinal folds in the great Azoic or Hypozoic strata ; and 
of intermediate synclinal troughs^ some of them wide and 
deep^ others narrow and shallow, but all of them containing 
preserved remnants of a more micaceous strata of a later 
age^j while Mr. Charles E. Hall arranged the rocks in the 
same region in irregular areas. Prof. Lesley says, also, 
'' Since 1858 the district in question has been closely and 
repeatedly investigated by Prof. Frazer and Mr. Hall, the 
one approaching it from the West, the other from the East. 
They diflPer radically in their views of the order and super- 
position of the fortaiations, not only from Prof. Rogers, but 
from each other ''t- Mr. Persifor Frazer, describing the 
Northern gneiss-region, remarks ^'that the wide area of 
gneiss now under description is undulated in a succession of 
anticlinal and synclinal waves is obvious to any practical 
geological observer who studies its structure with due care ;"% 
and, '^ There, as we have already seen, several long tapering 
tongues of the gneiss formation project forward towards the 
west, including between them actual troughs of the Palaeo- 
zoic rocks, a feature not attributable to any other mode of 
elevation of the gneiss than that of an undulation of its general 
floor, in the manner of long anticlinal waves. Some of these 
waves, no doubt, are so closely compressed or folded, and 
others are so irregularly dislocated as to render the analysis 
of them obscure or even impossible, yet the geology of the 
country clearly establishes their presence ''§. 

In a series of excavations for iron ore a succession of 
parallel dislocated synclinal axes, of which the presence off 
the surface was not manifest, enabled Mr. Frazer to prove 
these undulations in the gneiss. 

• " Gteology of Chester County/' Second Qeol. Survey of Pennsylvania, 
1883, p. 62 C*. 
t Ibid. p. 84 C*. t Ibid. p. 166 C*. S Ibid. p. 166 C*. 
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In each of these '' clefts or deep narrow troughs is a belt 
of red sandstone of Mesozoic age dipping S.E. These strata 
of red sandstone are invariably highly altered and crystalline, 
for they frequently contain minute crystals of mica^ specular 
iron ore^ graphite^ and even felspar. Yet in other layers of 
mottled and half-baked red shale, in close alternation with 
these more altered ones, we see proof of their unquestionable 
identity in composition and origin with the red sandstone 
formation, from the general southern margin of which some 
of them are separated by an interval of four miles/' 

Mr. Fraser says of the Southern gneiss region: — ''Whatever 
may be the age of the rocks of this region they were origi- 
nally sediments of mud, sand and gravel, for they are every- 
where more or less distinctly stratified, although it is some- 
times difficult to distinguish their original bed-planes from 
the planes of cleavage which cross them (usually in nearly 
vertical planes), and in many cases completely mask them. 
This is especially true of their more massive layers. But 
the real stratification is visible wherever they are quarried.''* 

A very excellent idea of the crumpling and crushing these 
formerly deep-seated crystalline rocks have undergone may 
be obtained from the autotype picture of the contorted or 
convoluted gneiss of Wissahickon Creek facing p. viii C* of 
the '' Report on Chester County " referred to. The looped 
crumpling of the plainly banded structure shows plainly the 
kneeding-up this crystalline rock has undergone. 

Prof. J. J. Stevenson, in his Report on the Geology of a 
portion of Colorado t> describing the passage of gneiss into 
granite, says : — '' On the Currant Creek, a tribute of the 
Arkansas, the changes are very prettily shown. There the 
mica-schist becomes a schistose gneiss containing numerous 
segregations of the granite of large size, together with 
immense numbers of the little nodules already mentioned. 

♦ ** Geol. of Chester CJounty," 2nd GeoL Surv. PennsyL 1883, p. 37 0*. 
t Ezplorationfi West of the 100th Meridian, vol. ill. p. 348. 
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The gneiss gradually becomes more compact^ and at last is 
lost in the granite.'* " The transition from mica-schist to 
granite and from hornblende-schist to syenite is shown quite 
frequently, and the rocks of one series readily give place to 
those of the other.'* 

Mr. Stevenson also describes the gneiss in the vicinity of 
the syenite granite on the North Fork of the South Platte 
as beautifully waved and cleaving readily along the curves^ 
causing here and there overhanging arched cliflfs whose 
under surface is a thin layer of mica. These curves appear 
not to be parallel to the bedding, and therefore the result of 
. foliation. '' On the first ridge west from the river, the gneiss 
becomes a mottled schist with little felspar and many pebbles 
of quartz^ while further on the whole becomes a felspathic 
granite almost without mica'' *. 

Mr. S. F. Emmons, describing the Wahsatch Range, says 
it presents a type of extreme complication, contrasting 
strongly with the simplicity and regularity of its nearest 
neighbour the Uinta Range. 

The simplest expression of their structure would be that 
of a sharp north and south anticlinal fold over pre-existing 
ridges of granite and unconformable Archsean beds, whose 
axis has been so bent and contorted by longitudinal compression 
that it at times assumes a direction approximately east and 

west t- 
Again, describing the Farmington Archsean body J Mr. 

Emmons says : — '^ The lowest exposed members are a great 

variety of mica and hornblende gneisses and schists, together 

with a few granitoid beds, and some limited quartzite and 

slates. The main series is composed of a varying family of 

gneisses ; the lowest of these are very coarse, composed of 

large crystalline masses of flesh-coloured felspar and partially 

decomposed, earthy brown mica and large milky-white 

« Explorations West of the 100th Meridian, vol iii. p. 850. 
t IWd. part ii. p. 341. t Ibid, part ii. p. 378. 

L 
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irregular bodies of quartz. This rock is interesting as 
showing the transition from an evenly bedded rock into a 
structureless one. The original sheets of mica may still be 
traced through the rock^ but they are twisted and broken 
and crowded into such positions that at first the rock looks 
like a very coarse granite. This same transition between 
schist and structureless rocks^ the result of pressure, is also 
noted in the East Humboldt Range^ Nevada.'' '^ It would 
seem^ from the results of irregular pressure, both here and 
in the East Humboldt Range, that the schistose structure 
can be easily broken up by lateral pressure, and that a 
distinctly bedded rock may be easily compressed into one 
which possesses no evidence of bedding except its being 
banded above and below by distinctly stratified rocks, and 
that the result of this compression may act very unequally in 
different zones of the same series, giving rise to the appearance 
of an eruptive rock lying between two members of a stratified 
series. That they are not eruptive rocks is clearly to be 
found by following them out in the strike, when they may 
almost always be traced into distinct stratification.'^ * 

Mr. Arnold Hague, describing the northern region of the 
West Humboldt Range, says : — '' Along its northern and 
western edge the granite mass is overlaid by a series of meta- 
morphic schists and of light-coloured mica-gneisses in turn 
overlaid by a fine white knotted schist. The strike of these 
beds is north 38° east, standing nearly vertical. The contact 
of the granite and schists is extremely interesting, showing in 
horizontal plane an irregular angular intrusion of the former 
into the latter outlying masses of schist lying in the granite 
and extending as promontories from the main mass of schist 
for 400 or 500 feet. 

" The line of demarcation between the two bodies is easily 
observed, and there seems to be a tendency of the schist to 
pass by gradations into the granite itself. 

• ExploTations West of the 100th Meridian, vol. iii. pp. 370-80. 
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^^ The granite is here traversed by structural planes having 
a strike parallel to the bedding of the schist ; there is also 
another set of lines approximately at right angles to the 
former.*' * 

Mr. Clarence King^ describing the Archsean core of the 
Colorado Bange^ says that the ^' ideal axis in elevation was a 
deeply undulating line. From longitudinal pressure it was 
also deflected in plan into horizontal sinuosities^ and conse- 
quently the sides of the anticlinal were alternately thrown 
into broad convex folds or recurved in broad reentrant bays^ 
in which the beds were severely crumpled in secondary folds 
or confusedly dislocated.*' 

Added to these disturbances was a third series of effects, 
resulting from forces that tended to warp the anticlinal, 
introducing an irregular shearing, which complicated not only 
the main folds but the secondaries. As a result there is one 
broad central fold with numerous parallel subordinate axes, 
whose corrugations probably do not penetrate deeply into 
the strata ; Mr. King coni^iders these movements took place 
after the crystallization of the rocks themselves and anterior 
to the deposition of the Cambrian t- 

In these districts the distinction between the Archsean and 
later sedimentaries is so marked and the unconformity so 
great that it is impossible to mistake one for the other. The 
locus of greatest disturbance is also where the sedimentaries 
were in greatest force and thickness. 

After the uplifts of the Wahsatch Range took place, and 
the Palaeozoic and Mesozoic strata were thrown into their 
present inclined position, a great longitudinal fault occurred 
throughout the explored portion of the range by which the 
entire western half of the ridge was thrown downward from 
3,000 to 40,000 feet, and it is now entirely buried beneath the 
Pliocene and Quaternary formations of the Salt-Lake basin. 

• Loc, cit, p. 715. 

t " Systematic Geology :" Geol. Explor. of the 40th Parallel, pp. 21-2. 

l2 
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The present abrupt west front of the Wahsatch is the stand- 
ing face of this great faulty wd here the Arch»an rocks are 
seen to occupy the core of the range^ unconformably under- 
lying the Palseozoic series^ and rising to different strati- 
graphical horizons in the overlying series. 

In the Cottonwood Canons 30,000 feet of approximately 
conformable Palseozoic strata overlie the Archaean granites 

and schists ^. 

There are in various parts of the globe enormous areas 

of these gneissic and schistose rocks. They cover in North 

America a large part of the continent from the Arctic Circle 

to the Great Lakes, in addition to those in the mountain- 

areas described. Not only do they form the cores of the 

Himalayan Ranges but they occupy in Peninsular India a 

continuous tract 1400 miles long with a mean width of 350 

miles, extending from Cape Comorin to Colgong on the 

Ganges. In addition they occupy a considerable area in 

Bundelkand, and the Arvali ranges are formed of them f. 

In Scandinavia they occupy extensive areas. In the South 
Island of New Zealand the most ancient Palseozoic rocks are 
underlaid by vast masses of crystalline foliated rocks, and 
similar rocks are found in Australia. 

Their distribution is world-wide, and wherever the geo- 
logical relations have been worked out there is always a 
marked unconformity between these crystalline rocks and 
the overlying sedimentaries. Mr. G. K. Gilbert, in his 
very excellent notice of Dr. Geikie^s 'Text-Book of Geology,' 
insists upon the profoundness of the chronological break, 
and says " there is no known locality where a newer 
formation rests conformably upon the Archsean. There are 
few where the discordance of dip is not great. There are 
few where the superior formation is not relatively unaltered, 
and none where the inferior formation is not highly meta- 

• " Systematic Geology," loc. cit, p. 44. 

t 'Manual of the Geology of India,' part i. pp. 4-5. 
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PLATE XXI. 

View of the Matterhom {Mont Cermn)ffrom a point half way between 
ZermaU and the Eiffel Hotel (from a sketch in 1869). 

The great Gomer Glacier is seen flowing in the foreground between walls 
of crystalline rock, below the level of the observer. This eastern face of 
the Matterhom is in outline like a shark's tooth. It stands in isolated 
grandeur above the general level of the Alpine ridge like a huge pyramid. 
The view from La Breuil showing the southern face, and a profile nearly 
at right angles to the one here represented, is remarkably difierent in out- 
line, and, though pyramidal, would hardly be recognized as that of the 
same mountain. 

The whole of the peak, according to Signer Giordano, consists of an 
apparently regularly bedded series of serpentinous and micaceous schists, 
and of greenish-grey gneisses. There is no doubt that this striking natural 
pyramid has been cut out of a much larger mass of crystalline rocks by 
atmospheric denudation, and its form determined by internal structural 
lines, probably joints. The outline of Monte Rosa, part of the same 
massif, and several hundred feet higher than the Matterhom, is of a 
rounded character. 

An examination of a well-shaded map of the Alps exhibiting their re- 
lief, shows the remarkably sharp ridgy character of the ranges. Signer 
Giordano says that the sharp-peaked form of Mont Cervin has been pro- 
duced by the comparative indestructibility of the harder gneissic rocks of 
which it is composed, the foliated calcareous schists of the base, seen in 
the Yal Toumanch in which it stands, being more easily eroded. He 
also points out that the mountain is so surrounded with glaciers, that the 
d^ris is carried away as soon as formed. This is probably true ; but if 
the peak, as Giordano considers, is composed of regularly bedded rocks 
rising gently towards Monte Rosa, the peaked form could scarcely be 
developed unless other intersecting structural lines existed in the mass. 
(See section of the Matterhom in Whymper's ' Scrambles among the 
Alps in 1860-69,' 2nd edit, p. 425). 

M. Desor points out that the sedimentary formations of the Alps seldom 
rise as high as the crystalline rocks. Eadi central crystalline mass pre- 
sents a long or ellipsoidal nucleus, the highest point being on the whole 
coincident with the middle of the mass. From this it follows that the 
depressions in the Alpine chain correspond with the intervening spaces 
between the eUipsoidal masses. Here, accordingly,- are found the acces- 
sible ridges, the St. Gothard and the Simplon being almost the only 
Passes in Switzerland that do not follow the zones or depressions of the 
crystalline rocks. 
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morphosed. So far as we know, the Archsean strata were 
both thrown in great folds and plicated in detail, were uni- 
versally subjected to a metamorphism such as in later rocks 
seems to have been accomplished only at a depth below the 
surface, and were subsequently worn away upon a most 
stupendous scale before they received any sedimentary 
covering within the regions now accessible for e:tamination. 
Compared with this all other chronological breaks are trivial, 
and we may almost say that, compared with this, all other 
stratigraphical breaks are local ^' *. 

A Consideration of the Forces to which the Archaan 

Series have been subjected. 

The evidence that the Archsean rocks the world over have 
been buried under immense bodies of sediment, of which 
they may have formed the lower series before the deposition 
of the Palaeozoics upon them, seems to be irresistible. Those 
who have most studied them in their perplexing relations, if 
agreed upon nothing else, seem satisfied that this has been 
1;he case. It is shown by the various writers quoted that 
they have been subjected to an enormous amount of com- 
pression in pre-Cambrian times which has assisted to produce 
the special gneissic, schistose, and crystalline characters 
they assume. It is immaterial to the immediate object of 
this chapter whether the foliation-planes are planes of bedding 
or planes of pressure, whether there is an older and a newer 
gneissic series, as many observers seem to think who have 
independently studied the rocks in difierent countries 
thousands of miles apart, or whether the divisions adopted 
by Archaean geologists in this country are based upon sound 
principles of geology. Whether the bandings represent bed- 
ding, foliation, or fi.uxion structure, they equally are evidences 
of great lateral strains and internal compression. 

♦ * Nature,' Jan. 18, 1883, p. 261. 
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We will, however, for the moment neglect the previous 
geological history of these mysterious and interesting rocks, 
accepting them as crystalline gneisses and schists underlying 
the sedimentary beds, that subsequently, through a long 
course of geological time, were deposited upon them in those 
portions of the earth where they now form asdal cores of 
great mountain-ranges. 

We have seen by the fullest and most important evidence — 
the evidence of almost every geologist of eminence in every 
part of the world where the subject has been studied — ^that 
the greatest disturbances of the strata, both Archsean and 
post-Archaean, are found where the sedimentaries are the 
thickest. 

Accepting the pre-Cambrian crystalline character of the 
Archsean rocks, let us consider what would be the effect on 
the rocks of the cubical expansion which we have seen takes 
place on the rising of the isogeotherms where great bodies of 
sediment have been thrown down. Lest it should be 
thought that I am unconsciously exaggerating the amount of 
heat brought to play upon the rocks, through tenderness to 
a theory, let us see what Dana, Le Conte, or Judd put it at, 
and work from that basis. Prof. Judd considers that at 
40,000 feet ^' we may infer the existence of a temperature 
capable of producing a decided red heat '' *. 

Prof J. Le Conte says, '^ A line of off-shore sediments 
many thousand feet thick, thus formed, would cause a rise of 
the subjacent isogeotherms and aqueo-igneous softening 
both of the sediments and of the original crust on which the 
sediments were laid down '^f- Prof. J. D. Dana, after stating 
that with 40,000 feet of sedimentary accumulations the 
isothermal plane would be raised 40,000 feet, says ^' under 
such an accession of heat the bottom of the trough would be 

* ' ContributionB to the Study of Volcanoes,' p. 136 of Reprint, 
t <' Structure and Origin of Mountains," Am. Joum. of Science, April 
1878, p. 111. 
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greatly weakened Mf not partly melted ofE. If the lower 
surface of the crust had dipped down this much into the 
plastic layer that was beneath it, it would have been actuaUy 
melted off''* 

We have seen that not only were these mountain-making 
sediments of great thickness, but they were also widespread. 
For simplicity I take an area 1000 miles x 250 miles and 
20 miles deep raised 1000° Fahr. 

We have previously found that the cubic expansion of an 
equivalent mass (500 x 500 x 20) would equal 52|135 cubic 
miles — that is, the expansion would equal that excess of 
material added to the mass (see p. 115). 

This mass we will assume represents part of the pre- 
Cambrian crust of the Earth overlain by 40,000 feet of post- 
Archsean sediment. That these figures are not excessive may 
be well seen when we consider that the Appalachian Chain it- 
self extends from Vermont to Alabama, being more than 1000 
miles long by 50 to 150 miles broadf. (See Map, Plate VIII. 
p. 41.) This elevated portion is geologically conterminous 
with undisturbed beds of the same age extending far to the 
westward. That they have formerly extended also to the 
eastward I have already suggested, and I hope to further 
make it quite plain. 

A district 1000 x 250 miles, or 250,000 sq. miles, which 
would equal our hypothetical area, is a moderate compu- 
tation of the area of the raised isogeothermal plane %, 
It is necessarily very difiScult to ascertain the thickness 
of a given group of Archaean rocks. Mr. Clarence King 
estimates that 60,000 feet have been recognized in two 
great groups separated from each other by a period of 
disturbance> and that they represent stratified rocks in a 

♦ ' Manual of Geology,' 2nd edition, p. 749. 
t Lyell, * Travels in North America,' vol. i. p. 94. 
J As I have pointed out, p. 33, the Carboniferous rocks of the United 
States east of the Rockies occupy now about 400,000 square miles. 
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most extreme state of compression. He considers that as 
uncompacted sediment they must have been originally 
120,000 feet thick* 

Without actually adopting these figures^ ve may reasonably 
assume that a large portion of the upper part of our block 20 
miles thick would be composed of Archaean crystalline rocks, 
the remainder may be granite or its analogues. Now it is 
evident that these rocks will not undergo much further 
compression; therefore our effective expansion may at all 
events be put down at 50,000 cubic miles (see p. 1 15). How 
will this excess be disposed of? 

♦ " Systematic Geology," p. 729. 



CHAPTER XIV. 

MECHANICAL EFFECTS OF THE EXPANSION OF A MASS 
OF ARCHJEAN AND GRANITE ROCKS OVERLAID BY 
A GREAT THICKNESS OF SEDIMENT. 

The horizontal linear expansion of a mass of rock 250 x 
1000 miles, raised 1000° Fahr. in temperature — ^using my 
coefficient of expansion, viz. 2*75 feet per mile per 100° 
Fahr. — would be transversely 6875 feet, and longitudinally 
27,500 feet. 

Leaving out of account for the moment the effect of 
cubical expansion, in what form would the enormous lateral 
pressure developed tend to pack a sheet of rock of this 
extent and proportion ? 

Here it is that my experiments with the heating of sheets 
of lead will help us. Considered as a sheet it would rise up 
along the heated axis. The strains developed by the pressure 
acting along the heated axis, assuming it to be longitudinal, 
would tend to be converted into a transverse movement 
assisting the elevation of the axial ridge or ridges. It would 
in addition produce an undulation of the strata between the 
extreme ends. The compression of the transverse and 
longitudinal undulationi^ would, if the force were regularly 
and equably applied, produce a series of anticlinal folds 
having their longer axes parallel with the longer axis of the 
sheet of rock, but rising and falling in undulating ridges. 
It is not easy mentally to follow this movement, and it was 
on this account principally that I initiated the experiments 
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detailed in Chap. IV. The horizontal pressure, according to 
this theory, comes inwards from all points of the compass as 
it does in the heated sheet of lead, and the result will be 
much the same in Nature as in the laboratory experiment. 

Anticlinal ridges are not — as one might incorrectly suppose 
if only studied in books — ^indefinitely extended. They curve 
and die into the surrounding strata quaquaversaUy, being in 
fact, more correctly speaking, elongated ellipsoidal domes. 
This can be well seen in any country where anticlinal 
folds on a small scale can be examined, but I shall treat of 
this more fuUy further on. 

If we conceive the assumed area for its full thickness of 
overlying sedimentaries to be composed of a number of these 
sheets of rock, they will, on expanding, move upon each 
other, packing together in folds. These folded rocks, except 
where fractured at the surface, will be throughout at every 
point in contact with each other, the superincumbent pressure 
being sufficient to prevent the possibility of cavities being 
formed at any stage of the movement. It is evident from this 
that they will become thickened at one place, and extended at 
another. They will in fact, repack themselves by '^ flowing'* *. 
The form that the compressed rocks must finally assume will 
largely depend upon the lines of weakness in the strata. It 
is conceivable in the case of a rectangular block such as we are 

* It is very remarkable how the efiect of such expanfiion is misappre- 
hended ; even Prof. Green, in his excellent 'Physical Geology' (3rd edition, 
p. 670), says of the theory of Scrope and Babbage, '* The reostance to 
expansion will be less in a vertical than in a hoiizontal direction, and 
hence the area will bulge up and cause eleyation ci the rocks resting 
upon it. 

**It is evident that this explanation accounts only for vertical elevation^ and 
makes no provision for contortion or any form of compression ; in fact the 
elevation produced by it would be bosses, the strata of which would be 
arranged in concentric domes which, as we have pointed out, is a structure 
foimd in no mountain-chain yet examined." 

My experiments, I venture to think, prove to demonstration that this is 
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considering^ that if the expansion were pretty equable^ slow, 
and regular^ the sheets or beds^ if comparatively thin, would 
arrange themselves in a great number of regular corrugations. 
If^ however^ the rocks gave way in a few anticlinals and 
synclinals near the axis of greatest temperature^ the surplus 
material would probably flow from below towards the anti- 
clinals and distend them. We must not lose sight of the 
fact that the lower part of the rocks of the hypothetical 
block would be really plastic with heat^ the overlying lower 
sedimentary beds being partially softened but still compara- 
tively rigid. The expansion of the rigid top-beds would 
produce an anticlinal and synclinal arrangement of the 
strata, while the expanding softer underlying rocks would, 
from the pressure they were undergoing by increase of 
volume, be striving to escape along the lines of greatest 
weakness. The lines of weakness are necessarily the most 
folded portions of the anticlinals. Into these the partially 
softened masses below would flow^ distending them upwards. 
Accordingly, as the upper strata, subject to lateral pressure, 
gave way on one side or the other, the expanding anticlinals 
would be thrown in that direction. The softened gneiss 
would flow into and obtrude them in tongues, such as are 
to be seen figured in many sections of contorted regions. 
(See Plate XIV. fig. 1, p. 98, and Plate XXIII. figs. 3 & 4, 
p. 178.) 

Manufacture of Lead-Pipes as an Illustration of Flowing. 

A consideration of the way in which lead pipes are 
'' squirted '^ will enable us to understand this process of 

a fallacious view of what would take place. Prof. Green has had in mind, 
like Sir Charles Lyell, vertical expanaon alone and distension of the 
strata above. A fluid imprisoned in the Earth's crust, and distended by 
heat, would produce such a '' boil or eruption " if the overlying solid 
rocks were not heated. The expansion of a solid, as I have shown, pro- 
duces the most intense form of compression. 
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" flowing '* better. A vertical cylinder, in which the piston 
of an hydraulic press works, is surrounded by a fire to keep it 
hot. In the top is the die and core of the size of the pipe 
required. The piston is drawn to the bottom of the 
cylinder. It is then charged with about 3 cwt. of molten 
lead. When this assumes a sufficiently '^ pasty '' consistency, 
the press is set to work, the piston forcing the lead through 
the aperture of the die in the form of a pipe, which hardens 
as it becomes exposed. The pipe, as it is protruded through 
the die, is caught up and wound roimd a drum until the 
charge of lead is all forced through. If the pipe weigh 
9 lbs. to the yard, the result will be about 36 yards of pipe. 

Application of the Illtisiration, 

Let us apply this illustration. The expanding softened 
mass of rock underlying the less-softened rocks, which 
are again overlaid by hardened sedimentaries, say 10 miles 
in thickness, is the lead; the surrounding less-heated parts 
of the crust of the globe, the containing cylinder; the 
expansion of the contained softened mass, the ram; the 
approaching sides of the synclinals, in the rigid sedimen- 
taries, the die. 

It seems to me quite impossible to account for the extra- 
ordinary protrusions of gneissic rocks, such as those figured 
in the section of the Central Alps, except on the hypothesis 
of their flowing somewhat in the manner described*. 

To simplify the problem, I have taken for an example a 
rectangular block. In nature, of course, the heated mass 
never has rectangular boundaries. It more nearly approaches 
a lenticular form. 

* The above was written before I had the opportunity of consulting 
Daubr^e^s masterly researches in Experimental Geology. I was pleased 
to find that his explanation of the fan-structure of the central gneiss of 
Mont Blanc b almost identical in fact, if not in terms, with the above 
(see * Geologic Exp4rimentale, pp. 435-437). 
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Let us now assume a lenticular mass^ measuring 1000 
X 500 miles^ and 20 miles deep in its thickest part^ raised 
to a mean of 1000° Fahr. above its previous temperature^ and 
having the same volume as before. How would this altera- 
tion of form modify our problem ? The effect would be that 
the horizontal eiqpansion would proportionately increase, 
while the cubical expansion would remain the same. The 
upper and more rigid strata would expand double the extent 
in one direction^ so that if the same number of anticlinals 
were formed as before, they would firom this cause be twice 
as large. 

But it will probably be said that this expansion is insuf- 
ficient to account for the lengthening of the strata such 
as is found in great mountain-chains. A. Heim estimates 
that the strata of the Alps measure 72 miles more over the 
convolutions than across the base. Le Conte says in the 
Coast Range of California from 15 to 18 miles of sea-bottom 
has been compressed into 6 miles ; and many geologists are 
of opinion that the strata on each side of a mountain- 
range have advanced towards each other to the extent of the 
difference between the length of the folded rocks and the 
length of the base-line. This is on the assumption that the 
ranges are due to a collapsing crust gravitating towards a 
shrinking nucleus. Notwithstanding the support this theory 
has received, we find on examination that there are good 
reasons to believe that the cooling of the earth has not 
advanced sufficiently to produce such effects. The amount 
of contraction of the globe required to build mountains in 
this way is something incredible, and, according to the views 
here set forth, cannot have taken place. 

It is also barely conceivable that two places on the Earth's 
surface should advance towards each other a distance of, say 
60 miles, and the movement of the land or crust, supposing 
it the result of secular contraction affecting the whole earth, 
be confined within the limits of a mountain-chain even 
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1000 miles long. According to the theory I have attempted 
to develop in this work^ the ^ur/ac6-strata of the flanking 
ground of a mountain-range do not advance towards anti- 
clinal and synclinal flexures. It is only the underljring beds 
and deeply-buried rocks expanded by heat, or extended by 
the struggling expanding masses below, that are lengthened. 
The base-line of the moimtains remains ever the same length. 

If we accept the foregoing explanation, the lengthening of 
the strata takes place deep down in the bowels of the Earth, in 
beds that only become exposed by long continued denudation. 
The sheets of rock overlying the plastic mass are corru- 
gated first by their own expansion. In some cases the 
lengthening may have stopped there, but in highly contorted 
districts, such as the Alps, the Highlands of Scotland, and 
the Appalachians, the strata have been further distended by 
detrusion from below. 

It is necessary to clearly realise the fact that either 
thickening or lengthening of strata may take place without 
fracture at a certain depth below the surfisu^. The superin- 
cumbent pressure being so much in excess of the crushing 
weight will compel the strata to flow without rupture. 

How is it possible to explain loop-like folds (such as 
are figured in Plate XXIII. fig. 4, p. 173) by lateral 
pressure alone ? Are they not rather the efiiect of distension 
and flow in the direction of least resistance ? 

The dimensions of the hypothetical area I have taken as 
an example are, I believe, much exceeded by many of the 
mountain-making areas of sedimentation. Is it not evident 
from the examples given of Mesozoic strata caught and pre- 
served in the compressed synclinals of gneiss in the Appala- 
chians that the gneiss was formerly covered by these newer 
sediments? As previously stated, there are good grounds 
for believing that these sediments formerly covered the 
gneiss of the Atlantic slopes of the Appalachians^ and that 
they have been removed by denudation. 
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If^ as most observers believe^ these crystalliiie rocks were 
once ordinary sediments^ it is not difficult to understand 
how the bedded and schistose character of the exterior of 
the masses changes into a granitoid structure towards the 
heart as^ in the Rocky Mountains^ the two rocks are^ according 
to Mr. Clarence Eing^ of identical composition *. 

Pre-Pakeozoic Surface. 

In considering the problem as stated in the preceding 
pages^ I have assumed the pre-Palaeozoic surface of the 
gneissic rocks to have been a plain. It may, however^ have 
been undulating or even mountainous. 

The geologists of the 40th parallel seem to agree in the 
opinion that some of the cores of the ranges were old 
Archaean mountains, much denuded, which have been again 
compressed and elevated by the forces which plicated the 
overlying Palaeozoic sediments. 

Examples of twisting and recontortion of these " island 
masses/' as they are called, have been given. 

This is not inconsistent with the theory of mountain- 
building here enunciated ; on the contrary, it gives a further 
insight into the plasticity of crystalline rocks under enormous 
pressure. 

Crushing of Gneissic Rocks and Granite, 

But the expansive force does not always expend itself in 
folding and flowing. In some cases a crushing of the rock 
itself takes place, and an after-reuniting of its constituent 
grains. Prof. Bonney, who has devoted much time to this 
phenomenon, describes several specimens of crushed gneiss 
from the Highlands, collected by Dr. Callaway ; some of 
these have a puzzling resemblance to clastic rocks f. 

• " Systematic Geology." 

t " On a series of Rocks from the North-west Highlands," Q. J. Q. S. 
August 1883, p. 417. 
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Again^ he says of the Alps^ specimens of schists . may be 
obtained '^ in which the layers have evidently been crumpled 
up after the period of mineral change : the bands of quartz 
and felspar have been as it were crushed together, the flakes 
of mica are sometimes crumbled and sometimes twisted round 
into a new position." * '^ The older Alpine rocks frequently 
testify to having undergone an extraordinary amount of 
crushing. In the middle of coarse gneisses, for example, 
streaks and thin bands of mica-schist may be found, which 
are not due to an original diflerence of materials, but to the 
fact that here and there the original rock has yielded to an 
enormous pressure, and has been crushed in situ into 
lenticular bands of rock-dust, from which some new mineral 
developments have taken place." 

♦ ' Building of the Alps. 
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CHAPTER XV. 

ENORMOUS FORCE DEVELOPED BY EXPANSION AND 

ITS POSSIBLE EFFECT. 

Hitherto we have only considered the amount of expansion 
caused by a given rise of temperature in a mass of rock of 
given dimensions^ and have assumed that the force developed 
will be powerful enough to cause all the phenomena of 
folding and crushing, such as we learn from the testimony of 
eminent geologists has taken place in the body of mountain- 
ranges. Perhaps to any one practically acquainted with the 
terrific force generated through expansion by heat, it would 
not be necessary to do more. It will, however, serve to give 
more completeness to our ideas if we stop to consider how 
such a force will compare in intensity with other forces 
usually invoked in theories of mountain-building. The rule 
for estimating the force exerted by an expanding bar, is that 
it is equivalent to the mechanical force necessary to extend 
or compress the bar through the same distance that it has 
expanded. One ton per square inch of section will compress 
wrought iron ^j^^ and steel jj— part of its length. A rise 
of 14° Fahr. would expand wrought iron to the extent of 
£^7^, and about 11° to 12° Fahr. will expand steel to the extent 

of 15^ of its own length. Therefore 14° Fahr. in wrought 
iron, or 12° Fahr. in steel, will develop a force of 1 ton per 
square inch. 

What the compressibility of rock within elastic limits is 
I have no experiments to show. It is seen, however, that 
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the force developed bears a relation to the compressibility. 
Now rock at 10 miles deep will be powerfully compressed. 
To compress it further will no doubt require a proportion- 
ately greater force at such a depth. 

The force exerted by a given rise of temperature will 
therefore be greater in the rocks under such a great super- 
incumbent weight than at the surface ; probably a force of 
100 tons per square inch will be developed in rock at this 
depth with a rise of 1000°.* 

Let us see what such a pressure would be capable of 
effecting. 

Transfusion by Pressure, — Mr. Walthere Spring subjected 
filings of different metals to the enormous pressure of 7500 
atmospheres or about 50 tons to the square inch. The 
result was the production of a solid block, which^ instead of 
consisting of grains of the different metals merely adhering^ 
became a true alloy. When a mixture of filings of bismuth^ 
tin, and cadmium, in the proportion to form '' Wood's Alloy,'' 
was compressed, a solid metallic mass was obtained having 
properties different from either those of bismuth, or cadmiuqpi, 
or tin. It melted in water of the temperature of 113° F., 
99® below the boiling-point, or that which the hand can 
just bear. Bismuth melts at about 512° F., Cadmium at 
442° F., and Tin at 451° F. The mean of them is 468°. 
The alloy therefore is a true compound.t 

Prof. Roberts-Austen gives the following table of the 

* The ReV. 0. Fisher calculates that the horizontal force of compression 
thrown into a stratum at the £arth*s surface by the shrinking away of 
the underlying parts, would be equal to the weight of a piece of the same 
stratum of the same section as the stratum and two thousand miles long 
=880,200 tons per square foot Q Crust of the Earth/ p. 36). Without 
disputing the theoretical accuracy of this calculation, it will be safe to 
assume that the practical conditions for the effective exertion of such a 
pressure never occur in nature. 

t Science Notes by Mattieu Williams, ' Gentleman's Magazine,' Feb- 
ruary 1883, pp. 231-2. 
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results obtained by Mr. W. Spring by the compression of 

finely divided metals : — 

Lead welds at a pressure of 13 tons per square inch, 

^mc „ „ J, ly fj „ 

Tin „ „ „ 32 „ „ 

Antimony „ „ „ 38 „ „ 

Aluminum „ >• j> 38 „ „ 

Bismuth „ „ „ 38 

Copper „ „ „ 38 

Lead flows „ „ 33 

Tin 47 

-■•"* 99 99 99 ^' 99 99 

When more pressure than 50 tons to the inch is applied^ 
the metals submitted to the action of the machine begin to 
flow through the fine cracks of the compressing chamber 
'^just as if they were so much treacle. Mr. Spring has 
proved that it is possible to press powdered crystalline metals 
into masses of another crystalline structure^ just the same as 
by fusion.^' * 

• 

Mechanical Effects of Punching. 

We may, by considering the effect on iron of punching^ 
obtain an insight into the behaviour of metals under pressure^ 
and, by inference, into that of rocks. ' The Engineer,' in an 
article October 22, 1880, p. 301, says : — " Punching is but 
detrusion or changing the position of the particles of a solid, 
and time seems to be the only limit to the amount of this 
change of position producible by a given force. Even the 
most rigid and brittle bodies change their form without 
breach of continuity, if sufficient time be given for the action 
of the detrusive force, as is evidenced by the distorted 
changes of form produced in strong univalve sea-shells 
found imbedded in laminated rock. Thus a punch of ^ in. 
diameter was forced through a rectangular block of iron 1 )^ in. 
thick. In piercing such a block the punch traverses about 

* ''Properties of Fluids and SoUd Metals." Lecture at the Royal 
Institution. Report in ' The Engineer/ April 9, 1886, p. 278. 
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half the thit^kness of the block before any punching or core 
makes its appearance. From experiments made upon the 
relative specific gravities of the iron of the block, and that 
of the core forced out of it, it is concluded that during the 
earlier part of the penetration the metal displaced is forced 
to flow out laterally round the deeper part of the block, and 
that the remaining portion of compressed metal or core is not 
forced out until the circumferential resistance of the metal of 
the block or nut to further outflow equals or exceeds the 
resistance to shearing of the core from the metal around it/' 

The Flow of Solids. 

The experiments of M. Tresca show that at ordinary atmo- 
spheric temperatures solid bodies, like lead, cast-iron, and ice, 
may be so compressed as to undergo an internal motion of 
their parts closely analogous to that of fluids. Thus a solid 
jet of lead has been produced by placing a piece of the metal 
in a cavity between the jaws of a powerful compressing 
machine. Iron, in like manner, has been forced to flow in 
a solid state into cavities and take their shape. On cutting 
sections of the metals so compressed, their particles or crystals 
are found to have ranged themselves in lines of flow which 
follow the contours of the space into which they have been 
squeezed*. 

In a paper read before the Institute of Mechanical Engi- 
neers, at Paris, and reported in the ' Engineer,^ June 7th, 
1867, M. Tresca showed, by a very beautiful series of experi- 
ments, that if lead or any other metal were placed in a series 
of disks in a cylinder having a hole at the bottom, and were 
then compressed, the metal would flow through the orifice 
in a series of concentric tubes. The disks out of the in- 
fluence of the flow remain flat, while in the part constituting 
the jet the individual layers converge to form the jet ; before 
passing through the orifice, all the layers bend over so as to 
enter into the jet simultaneously, as though they individually 
• Geikie, * Text-book of Geology,' Ist ed. p. 313 
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followed a general current directed towards the orifice. The 
external surface of the jet is entirely composed of a cylin- 
drical envelope, formed out of the bottom disk of the original 
mass. Each of these tubes is closed at the outer extremity 
by a cap more or less convex, which is the central part of 
each of the original disks. With two circular orifices of 
exactly the same diameter drilled in the die, and placed sym- 
metrically with regard to the axis of the block, the result 
was not two equal tubes but one larger than the other ; and 
on taking the block out of the die, it was seen that the general 
motion was directed from all points of the upper portion of 
the block towards the orifice which produced the larger jet. 
Experiments were also made on the flow of solids through 
lateral orifices, from which Tresca draws the following con- 
elusions : — 

'' That where pressure is exerted upon the surface of any 
material it is transmitted in the interior of the mass from 
particle to particle, and tends to produce a flow in the direc- 
tion where the resistance is least. 

" The transmission of pressure is unequally distributed, as 
the particles situated at the orifice do not participate in the 
fiow to the same extent ; and there are even points where 
the loss of pressure is carried so far as to become miy 

Experiments were also made with lead disks enclosed in a 
cylinder, and compressed by a plunger of less diameter. The 
lead flowed into the annular space, assuming the form of a 
tumbler. 

The uppermost plate was developed almost in one piece to 
the upper edge of the tumbler*. 

M. Tresca says, " For all bodies two distinct periods are 
recognized — the period of perfect elasticity, which corre- 
sponds to variations of length proportional to the pressures 
applied ; and the period of imperfect elasticity, during which 

• * Engineor/ June 28, 1878, p. 463 
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the changes of dimensions, on the contrary, increase more 
rapidly than the pressures ^^*. 

The second phase leads finally towards a condition in which 
a given force sufficiently great would continue to produce 
deformation without limit, such as may be observed in the 
process. 

This leads to a third period, designated by M. Tresca as 
the period of fluidity, to which the greater part of his experi- 
ments are related. 

M. de Saint Venant has given the name of Plastico- 
dynamics to the study of pressures transmitted in this way. 

ExtenHon of Strata caiiaed by Detnaion. 

The thickening or thinning of the strata by the various 
forces brought into play during the building of mountain- 
ranges by the expansion of portions of the Earth's crust, is 
of so much importance to a correct conception of the origin 
of mountain-structure, that it will be necessary to revert to 
it again. 

If we conceive the heated block we have been investigating, 
p. 154, to be composed of a series of beds like the disks of lead 
experimented upon by M. Tresca, and follow their behaviour 
when subjected to expansion while enclosed in fixed lateral 
boundaries, we shall find that the following will be the result. 

The line of weakness or extension along the upper strata 
will determine the direction of the flow of the underlying 
plastic matter as it expands in bulk. Let us assume that the 
strata rise up in a simple anticlinal, as shown at D, fig. 4, 
Plate XVII., p. 117. Commencing with the bottom bed. 
No. 1, and proceeding in the . ascending order, we shall find 
that if the whole of the beds be raised through the same 
number of degrees of temperature. No. 1 will have a cubical 
expansion under the anticlinal, which we may represent by 1 ; 

♦ ' Engineer; June 14, 1878, p. 428. 
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No8. 1 and 2 combined by 2 ; Nos. 1^ 2, and 3 by 8 ; and bo 
on until wo eoipe to bed 20^ at the top, when the cubical 
expansion of the whole of the block will be represented by 20. 
That is, the cubical expansion of the mass will be twenty times 
that of the bottom or any individual bed composing the series. 
Assuming a sufficient superincumbent weight to keep the 
mass solid, it is evident that the material of the bottom bed 
must flow in order to ridge up, as seen in the diagram. 

The same with the second, and with the third, and so on. 
If, therefore, we have a sufficient number of beds in the 
scries, we shall arrive at a point e at which the linear expan- 
sion will not be sufficient to enable the beds above to wrap 
over the anticlinal, and tension of all the beds above this 
point will result. Nevertheless, assuming the superincum- 
bent wciglit to be sufficient to make the solid rock flow, a 
horizontal extension of the beds that are in tension above 
that due to simple heating will take place. 

If, however, as is the case with the strata of the Earth's 
crust, the lower beds are subjected to a greater temperature 
than the upper, the latter will be proportionately affected by 
extension from this cause, which I will call extension by de- 
truBion, 

This is what I conceive happens in the upheaval of in- 
tensely folded mountain-ranges, especially those in which 
there are intruded tongues or cores of Archiean rocks. In 
order to further elucidate these views by practical example, 
a method that brings the ideas more plainly before the mind, 
I give an illustration, Plate XXII., showing, in a very re- 
markable manner, how extension may take place by forces 
that at first sight would appear more likely to crush the 
material together than to extend it. 

Have the geologists who have attempted to measure the 
original length of the beds in certain folded and compressed 
areas taken this drawing-out, or rather pressing-out, of the 
strata into consideration ? It would appear not ; the Wds 
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PLATE XXn. 
Example of Tension caused by a Compre sm ce Force, 

This is an illustration taken from the ' Engineer ' of February 19th, 
1886, representing " perhaps the most remarkable specimen of a collapsed 
tube anywhere to be found.'' The tube formed the flue of a boiler, and 
was built of steel plates ; it was an exhibit at the Calcutta Exhibition. 
^* It was formed of flanged rings. riveted together, each ring consisting of 
one plate welded and being flanged to form one piece. These separate 
rings were then riyeted together by their flanges with an expansion- 
ring between to form the flue, the flanges, together with the Galloway 
tubes, giving g^at strength to the whole. Two of the rings, apparently 
those immediately behind the fire-bridge, were exhilnted, the greatest 
concentration of heat having apparently been at the junction of the two 
rings, since the depression on both sides of this was about equal. The 
first parts to yield to the combined influences of heat and gradually in- 
creasing external pxeasiize were those marked a and a. During their de- 
pression the flange was being heated, the level of the water lowered. 
The depresidons increased, and thns brought into play the reidstance 
oflered by the tensile strength of the metaL These forces (shown by the 
arrows at a — a) increased vrith the depr^sion, and ultimately were so 
great, when assisted by the softening of the flange and the external pres- 
sure, as to pull it down, and, by thus opening the joint, to disclose the 
collapse. The amount of this tensile force may be imagined from the 
fact that the plate had elongated 6 inchee in 33 inches by bulging down- 
wards'^ *. 

This very instructive collapse shows us how foldings and extension of 
strata may be caused by the regular and equable application of a com- 
pressive force. In the case of the boiler-flue the compression was from 
the steam in the boiler acting externally on the flue, which, becoming 
softened by beat, folded and bulged inwards. The plate of the flue 
became also lengtliened by expansion as well as extended by the pressure. 
The stay shown at A would help to prevent the entire collapse of the 
flue. 

It enables us to understand that once a fold is instituted havinf]^ an ex- 
panding mass of matter in its concavity, be it gas, steam, or solid flowing 
rock, such matter will, in struggling to escape, extend the fold to a greater 
size. The application of this example to the Archsean folding explained 
in this Chapter is obvious. 

• Quotation from Government Report on the Exhibition. 
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in such estimates are assumed to be of their original thick- 
ness and lengthy which I contend they are not. They may 
be either thicker and shorter^ or thinner and longer. Until 
we can answer these questions, no estimate of the length of a 
fold is any index of the original length of the bed before 
folding. Again, it is assumed that the denuded tops of the 
anticlinals were once continuous as arches spanning the 
respective areas. This, again, we have reason to suspect is 
not in all cases true. 

Professor Claypole estimates that 65 miles of a section of 
the Appalachians along the Meania sandstone represents 
about 100 miles of surface before corrugation took place. 
He observes : — '* Such mass motion as this involves the dis- 
placement of whole countries, and the shoving of their super- 
ficial strata over those below them ^ to an extent seldom fully 
realized. The travelling of a whole country in this manner 
for thirty or forty miles is a view of geology not easily pic- 
tured to the mind; yet the south-east line of Cumberland 
County must have moved over at least this distance. Towards 
the north-west this movement diminished until the sliding, 
yielding mass was arrested against the beds of the Midland 
district, which formed the great buffer-plate on which the 
earth-pressure spent itself f* I give this quotation as em- 
bodying the consequences of the Contractional theory in its 
boldest form. 

After an examination of the possible effects of the Earth's 
contraction in Chapter XI., it is difficult to assent to these 
views. Taking the extremest estimates, we should find it 
next to impossible to get sufficient linear contraction to 
account for such wholesale geographical disturbance^. 

*• The italics are mine. 

t '^ Pennsylvania before and after the Elevation of the Appalachian 
Mountains.*' British Asaoc. Report, 1884, p. 718. 

t Prof Joseph Le Conte, I am pleased to find, fully recognizes the 
extension the folds have undergone in the Coast-Iiange of California. 
Amer. Journ. of Science, 1870, p. 290. 
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Let us examine this idea a little more in detail. To be^ln 
with, it seems evident that a motintain-iygtem like the Ap- 
palachians coold not be formed until the cmst had become 
of a very considerable thickness* 

But the Appalachians were upraised at the close of the 
Carboniferous age. Before that peri/id stupenilotts mimnUiti' 
ranges were in existence, formed out of Silufian ami Cum* 
brian sediments. And, again, we are informed, on the html 
authority already quoted, that great mountains, built out of 
the stiU oldar Archsnui rocks, preceded the deposftkm 44 ihtf 
Palaeogoic sediments. 

Ewerj one of these sc^ianile operations deiMwids a strof»g 
and rigid eruat to work upoo^. 

If, ihen^ we eren aeeepi Kalfet's ettiimMUf, ihMi ikm tMrih^ 
itwaaall ^mehenmmti,hMi*i$hrmikif9&mkmmHtkSi^ 
we arast adaut tlMt llie greater pMt fAUm lAmtAfiM^ 
otuuied befotr Areteaw time. The Mmfmni ^4 fAaif9kM§» 
of die Eartli is r jrioa sly eafesrfateil M^ f j mHttff i^ it^ ftiffm^ 
poiat of view finMi wiridb the wMyMiMwttm hfA» Mi itt^ 
pmtfcau We kaire set* fktt Jlr.fJs mmmd fifAt^ «ri tewl b to» 
dbot ici total 'wammm m $a»fif 1-^ mh. 

tf we jB09w a cioaytiaicsaMif <^ 40 av^i^ 
akoe^ we jftoB kw«; to aiU SMMtiinfaf Ibr Ae C!art<Mi<i$ftMMi 
nagsa is dke W^aeenit Tfmtom»--lhr €k& t^e^me tSMtm m 
EJmgiisHd^ lAe €a«ftiwflfb«i^ 

mmantain^ itn KuMuSy ami: auMjr maim <ii €li^ »m/^ ^^^ M> 
fOBBfOft ]f»ti» <iir die Caadt'li snvtbeft. 

* 9te£Jbft.ffiiil«lpa^'^23«8u!mi^psMrt3^ 

bad. awBrL wit. in «mQeaftlrHAn t)t ttK^ :|(>fU>i«illv tiftl»*rQkiftM v^ttvvi tmi^ 
in. amR msen: iiii»» dMm v4» nmm <^itf tittvM«v> if ^(m* ^vMf Vi^ «««»' 
«arnei7 -^wv 'rwttL. «isiyt 'li^ «tv««9tt ^f Wtii nym vir jt«vH^ «v 4^>(«' 4^ 
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PLATE XXm. 

Diagrammatic llhutratians of several types of Mofioclinal and Anticlinal 
Flexures having Gneissie, Schistose, or Granitoid Cores, 

fig. 1. Represents in section an uplift-plateau, a, slightly arched, bounded 
by monoclinals, b and c. The sedimentary strata, d, have been 
lengthened in their lower beds by expansion, but ruptured at 
eehj tension. Type of the Colorado plateau system, which is 
one expression of the cubical expansion of the deep-seated ciys- 
talline rocks shown at/. 

Fig, 2, Section of an anticlinal dome. The sedimentary strata, ^, have 
been lengthened in their lower beds by expansion, and ruptured, 
at hh, by tension, i is the crystalline core, protruded by 
cubical expansion. Type of the Black Hills of Dakota. 

Fig. 3. Transverse section of two anticlinals,^^, with synclinal, k ; unsym- 
metrical, having the steepest dip to the right. The sedimen- 
taries, /, lengthened in the lower beds by expansion, have been 
further extended by compressive extension (see Plate XXII. 
p. 169) due to the detrusive action of the flowing crystalline 
cores, m m. The apices of the anticlinals, jj) have been frac- 
tured and denuded. 

Fig. 4. Further development of the anticlinals shown in hg. 3. By the pro- 
trusion of the tongues of crystalline rocks, m m, brought about 
by cubical expansion and horizontal pressure, the anticlinals are 
thrown over to the right in wave-like form, and the sides of the 
synclinals are closely compressed together. The sedimentary 
strata, //, are lengthened in the synclinals by pressure, and in 
the anticlinals by the detrusive action of the crystalline 
tongues, m m. The crowns of the anticlinals, n n, have been 
removed by denudation. Type of some of the folds of the 
Central Alps and of the Appalachians (see Plate XIV. fig. 1, 
p. 08, and Plate IX., p. 42). 
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Therefore^ if we consider the sediments overlying the pre- 
existing crusty which may have been granite or Archaean 
gneiss and schist^ or those rocks overlain by early Palaeozoics 
on which subterranean forces have been expended in a pre- 
vious period of the Earth's history, to be divided into twenty 
beds, as in the preceding example shown in Plate XVII. fig. 4, 
p. 117, the lower bed of the newer sediments will be affected 
by, and have to conform to, the movements and flow of the 
deeper-seated rocks. 

In adapting itself to these movements it will be assisted by 
its own longitudinal expansion, which of itself would produce 
anticlinal and synclinal folds. 

The anticlinals will be lines of weakness, determining to 
some extent the flow of the underlying rocky matter. 

The underlying rocks, acting under great compression pro- 
duced by the expansive agencies already described, will tend to 
thin out the arch into which they flow, and extend it beyond 
the length of the expansion due to the rise of temperature it 
has undergone. 

The cores of mountain-ranges so frequently prove to con- 
sist of crystalline rocks that we cannot, with any approach to 
truth, always attribute them to pre-existing mountains. lu 
many knountain-rangss we cannot see the foimdation rock 
on which they rest ; doubtless, could we do this, we should 
observe the same phenomenon of crystalline rocks in a modi- 
fied form. 

If the plastic rock-strata — plastic by pressure — be forced 
up in fan-like form, as it was in the Central Alps (see 
Plate XIV. fig. 1, p. 98), the overlying Palaeozoics on the 
shoulders or flanks of the protruding core will be folded back 
upon each other and tightly compressed. 

This compression will tend to further lengthen their com- 
ponent beds, as the line of least resistance will be upwards, 
and the beds will flow and lengthen in that direction. By 
these combined influences the measurement along the fold 
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will be very much greater than along the original base- 
line. 

The tendency of each bed to expand^ even as it is being 
thrown back, will produce a rolling or partial rotation round 
the axis of the fold. 

The compression produced by these opposite forces, the 
central intrusive gneissic mass and the expanding beds on the 
flanks of the range, will, after a certain point of flexure is 
reached, produce a fracture or reversed fault. 

The thinning out of the beds by pressure may be well 
studied in the case of highly plicated coal-strata, such as those 
in Pembrokeshire figured by Sir Henry De la Beche in the 
' Geological Observer ^ (2nd ed. p. 648) ; inasmuch as the coal 
is a softer material than rock, the thinning-out is more exag- 
gerated in the coal-seams than in the rock-beds. Never- 
theless, the harder beds partake of the same movements, 
although it is not always so easy to prove it. 

Examples of Contortions in Bedded Rocks. 

A well-known example of contorted rocks is that at 
Draughton, near Skipton. I examined the quarry in July 
1882. The quarry-face was then due north and south, show- 
ing two anticlinals and an intermediate synclinal. 

The strata consist of a series of thin beds of Carboniferous 
limestones, with intermediate partings of shale. 

The strike of these remarkable folds, represented in 
Plate XXIV. fig. 1, p. 179, from a sketch made at the time, 
is due east and west. '' The folds are parallel to, and, no doubt, 
form part of, the great anticlinal elevation of Skipton, com- 
mencing at Thornton, and passing through Skipton by Blub- 
berhouses to Harrowgate, being in fact one of the most 
remarkable subterranean ridges on record '' *. The bedded 

• See Phillips, ' Geology of Yorkshire/ part ii. p. 23 ; also Rickette, 
" On the Carboniferous Limestone near Skipton," Proc. of Liverpool GeoL 
Soc., Sees. 1870-1880. 

N 
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core of tliis anticlinal^ forming a hog's back with the axis east 
and west^ has been quarried by the Leeds and Liverpool Canal 
Company on its north side^ and is called Haw Bank Quarry. 
The strata are at a high angle^ dipping 55° magnetic north. 
On the south side of the anticlinal core^ on the left of the road 
from Skipton to Skibeden^ is the Skibeden quarry^ belong- 
ing to Mr. Nicholson^ who was not then working it. A 
remarkable fault is to be seen in this quarry^ bearing mag- 
netic east and west. The face of it is curved and tortuous, 
and well marked with slickenside striations, dipping only 20° 
from the horizontal in the direction of magnetic east. The 
strata are much contorted, and the beds recurved against 
this fault, the strike on the west side being due north and 
south. 

Wheetam Bock Quarry, not very far from Draughton, 
shows a very remarkable synclinal. 

The strike of the folds is magnetic east and west, nearly 
parallel to those at Draughton. The illustration (Plate 
XXIV. fig. 2), from the sketch I took at the time, shows a 
quarry-face running magnetic north and south *. 

The core of the synclinal at '' a " was quarried out, and the 
form of it was like the inside of the bow of a boat, with the 
keel bearing N.E. to S.W. (nearly), and the '' floor ^' dipping 
25° S.W. This was a very excellent illustration of the truth 
of the statement I have previously made, that anticlinals are 
in all cases more or less elongated elliptical domes, and syn- 
clinal contortions have the same elongated but inverted 
ellipsoidal form. 

There are many more examples of contorted limestone-beds 
in this neighbourhood. They are very striking, inasmuch as 
the solid limestone has been bent^ without fracture, at an 
acute angle. The inside of the core at Wheetam was beau- 
tifully smooth and perfectly curved. 

* The magnetic variation ia 21° W. at Liverpool. 
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The Skipton anticlinal is remarkable as crossing the gene- 
ral axis of the Pennine Range at right angles. The form of 
the subordinate anticlinals and synclinals shows also that 
though the predominating pressure was from the north and 
souths there was a pressure also acting from the east and 
west, or rather, in varied degrees, from all parts of the com- 
pass. These contortions are only shown to us through the 
denudation of an enormous overlying thickness of Millstone 
Grit and Coal-measures. 

In the lead mines at Grassington, fifteen miles from 
Skipton, the principal faults run east and west, according to 
Mr. Trevethan, the manager. Here the Millstone Grit is 
found lying on the Carboniferous Limestone. 

In the Scar limestone, which is in massive beds, and 
therefore cannot be packed into a smaller compass by short 
folds like the thin limestone-beds already described, are to be 
seen plate-Uke laminations, as if produced by pressure from 
the N.E. and S.W. This I noticed in a quarry on the 
Giggleswick Road, not far from the* Ebbing and Flowing 
Well, and also in Gordale Scar. 



PLATE XXIV. 

Fig. 1. Contorted Carboniferous Limestone in Draughton Quarry, near 
Skipton, Yorkshire (from a sketch in 1882). This is a very 
excellent example, some of the thicker beds of limestone being, 
at the apex of the anticUnals, sharply bent without fracture. 
It was the subject of an excellent photograph published hy the 
West Riding Geological and Polytechnic Society in 1872. 
(See p. 177.) 

fig. 2. Synclinal in Wheetam-Bock Quarry. The remarkable feature in 
this example is the form of the core at a. At the time the 
sketch was made the rock was quarried out, as shown. The 
inside was smoothly modelled like the prow of a boat having 
« full ** lines, or, in other words, was like the concave cast of an 
, ellipsoidal anticlinal. (See p. 178.) 

n2 
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Folded Silurians, fVigtonshire. 

Excellent examples of folded rocks may be seen on tlie 
Wigtonshire coast. A walk along the shore from Garlies- 
town to Innerwell fishery discloses a series of almost vertical 
jagged beds, having a general strike N.E. and S.W. and 
remarkably parallel (see view, Plate XXV. p. 181) . It is evi- 
dent that these beds are closely folded together, consisting of 
denuded anticlinals and synclinals. In places the crown of 
an anticlinal is to be seen, in others the interior of a synclinal, 
their axes bearing N.E. and S.W. They all belong to the 
Lower Silurian series, and consist of red, purple, and grey 
grauwackes. The beds vary in thickness from a few inches 
to several feet. 

At the isle of Whithorn and adjoining coast still more 
remarkable examples of contorted rocks of the same series can 
be observed. They stand out in rugged and jagged clifb, the 
geological structure being *' skeletonized " by the breakers. 
The beds are so twisted and folded as in many cases to 
resemble the timbers of a ship. 

The illustrations (Plates XXVI. and XXVII.) are from 
sketches made in August 1883, and give a better idea of the 
deformations and distortions the rocks have undergone than 
a section would. More massive beds may be seen at the 
Craigs of Oarchew, and here also is a good example of a 
synclinal. 

In the cliffs of Kirkmaiden, south of Port William, on 
Luce Bay, a thin-bedded series of rocks can be seen faulted 
against the massive beds, resembling those of the Craigs of 
Oarchew. The thin-bedded rocks on one side of the fault 
have a double curvature^ and are more incurved against the 
fault than the massive beds. 

At Ravenshall, in Kirkcudbrightshire, splendid examples 
of contorted Lower-Silurian rocks can be seen standing out 
on the shore in serrated ridges. 
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PLATE XXV. 

View of Folded Lower Silurian Orauwacke Rocks on the shore near 

GarUestoumf Wigtonshire. 

The strike of the beds, which are remarkably parallel, is N.E. and S.W. 
The distant mountain beyond Wigton Bay is Caimsmore of Fleet, 
Kirkcudbrightshire, alluded to on the following page as an immense boss 
of granite breaking . through the Lower Silurians (p. 182). Notwith- 
standing the pavement-like parallelism of the beds, it has been clearly 
proved that they consist of anticlinal and synclinal folds. (See p. 180.) 



PLATE XXVL 

View of Contorted Lower Silurian Orauwackes in the Isle of 

Whithorn, Wigtonshire. 

These rocks are truly remarkable, the structure being splendidly dis- 
played and anatomized by the denuding action of the waves. The 
successive beds in their foreshortening look like part of the massive 
framework of a large ship. (See p. 180.) 



PLATE XXVII. 

View of Contorted Lower Silwian Grauwackes on tJie coast of 
Wigtonshire J north of the Isle of Whithorn. 

The dark colour of the rocks above high-water mark is in striking 
contrast to the white shell-encrusted rocks within the influence of the tide. 
(See p. 180.) 
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Through these folded beds of Kirkcudbrightshire an 
immense boss of granite^ forming the mass of Caimsmore of 
Fleets a mountain rising 2612 feet above the sea^ and occu- 
pying an area of not less than thirty square miles^ has burst. 
I was much interested in discoveriDg what effect this igneous 
mass had produced upon the surrounding strata. 

In Palnure Bum I found a very excellent contact-section^ 
in which specimens showing the granite and the beds in con- 
tact could be obtained in one specimen. 

The immediate beds were converted into hard schistose 
rocks, but the metamorphism could not have extended very 
far into the mass from the exposures of the grauwackes I 
found in the neighbourhood. 

To what extent the beds were displaced by, or absorbed 
into, the granitic mass I had no means of discovering. 

In the explanation of Sheet 4, * Memoirs of the Geological 
Survey of Scotland,' it is stated that : — " Round the main 
granitic centre of Cairnsmore the most intense metamorphism 
may be seen. As the junction with that rock is approached, 
the Silurian strata become more and more micaceous, imtil 
they pass into true schists near the edge of the mass.'' The 
beds immediately round the granite belong to the Ardwell 
Lower Black Shale and Queensbury groups. " So greatly 
have they been squeezed and baked, that their bedding is 
quite obliterated, and the altered rock breaks up into large 
square blocks. It will be observed also that along the west 
side of the granite the normal strike of the beds is deflected 
so as to run almost at right angles to its usual course."*^ 

It is obvious that as this great mass of granite cooled it 
must still have been subject to lateral pressure from the sur- 
rounding strata, and is another example that all shrinkages 
that occur at great depths are followed either by a lateral 
extension of the strata, due to the superincumbent weight, or 

• P. 18. 
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f 
^ by a bridging over the space by faulting and ^' keying up/' 

^ in the way already explained. As the granite must have 

shrunk in cooling, the fact of its not parting from the 

surrounding strata shows that in some way a following-up 

movement of the surrounding Silurian beds must have 

taken place. 



I 



I 



Contorted Silurian Strata in Eastern Berwickshire, 

In the memoir on '^The Geology of Eastern Berwick- 
shire'' (Geol. Survey of Gt. Britain, No. 34, Scotland), Dr. 

\ ^ Archibald Geikie gives a very excellent description of the 

contorted and convoluted Lower- Silurian strata of a district 
rendered classical by the researches of Hutton and Sir James 
Hall. It was in this region that the latter made his well- 
known observations on the effects of lateral pressure in fold- 
ing stratified rocks. Dr. Geikie points out that the range of 
Silurian hills cut off by the sea between Siccan Point and 
Bummouth may be regarded as a vast synclinal trough, with 
minor anticlinal and synclinal axial lines''^. It measures 11 
miles across in a bee-line. To the north-west of this belt the 
prevailing dip is towards the south-east, and represents pro- 
bably not less than 4000 feet of grits f and shales belonging 
to the Lower-Silurian series. 

It is worthy of remark that, notwithstanding the great 
compression which these Silurian strata have undergone, any- 

i thing like defined cleavage is almost unknown ; also that the 

most violent contortions of the strata are not seen in those 
places where igneous protrusions are most plentiful, but, on 

i the contrary, where such dykes and bosses most abound, there 

the strata have often been least crumpled %. 

' It was in this district that Hutton made his great discovery 

' of the significance of unconformity. . I must refer my readers 

• P. 18. 

t Ibid. p. 19. 

I Ibid. p. 13. 
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to the section in the memoir^ showing the convohitions of 
the Silurian strata^ and the relations of the Old Red and 
Carboniferous strata to the Lower-Silurian series. 

Contorted Lower Silurians at Aberystwyth, Central Wales. 

The contorted rocks at Aberystwyth are well worth study- 
ing. Having devoted a good deal of attention to the sections 
exposed on the coast between Llanrhystyd and Borth, a 
distance of about 15 miles^ I propose to illustrate some of the 
details of folded structure and rock-movements from this 
district. 

From the nature of the folds and the domical convolutions 
of the rocks^ together with the varying angle the coast-line 
takes with respect to the strike^ it would be difficult to find 
a region in which the secrets of these rock-movements are 
more clearly divulged. 

Strike of the Bocks and Drend of the Coast^line. 

The trend of the coast-line is about 10'' E. of north. The 
strike of the strata varies from due north and south to from 
10° to 20° W. of norths so that there is a mean angle of about 
25° between the coast-line and the strike-line. 

This relation of coast-trend and rock-strike, in directing 
the denuding forces, has been very favourable to developing 
the structural anatomy of the region. 

The denudation, caused principally by the wave-aclion, and 
determined by the strike and varying angles of dip as the suc- 
cession of anticlinals and synclinals are cut through, has ser- 
rated the coast into small bays and headlands, and farther 
disclosed its structure in sections at various angles to the 
strike. 

The series of rocks have been named the Aberystwyth 
Grits *. They consist of a succession of siliceous grits of 

• " The Geology of Central Wales," by Walter Keeping, Quart. Journ. 
Oeol. Soc vol. zxzviL p. 144, 1881. 
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concretionary origin, with interbedded shales. In some cases 
the nature of the beds approaches that of clay-slate, but 
nowhere do the beds possess a really defined cleavage. The 
underside of the grits is distinguished by very singular pro- 
tuberances of concretionary origin, having, over considerable 
areas, a remarkable parallelism of direction. As pointed out 
by Mr. Walter Keeping, the underside of the grit-beds can 
be distinguished by these tear-like drops even when reversed, 
which occurs sometimes inland. 

It is evident that the dip of the beds on the coast will be 
either east or west, accordingly as the anticlinals and syn- 
clinals are intersected west or east of their axes. When they 
dip east the rocks stand out as bold promontories like Craig- 
las, north of Aberystwyth ; but if the bedding be carefully 
followed eastward, it will be seen to curve upwards again, so 
that the beds show their flanks in a nearly vertical wall 
facing the sea. This is really the interior of a synclinal. 



Domed Form of Anticlinals, 

At the north end of Clarach Bay the elongated domical 
form typical of anticlinals can be well seen. The flanks of 
the dome are exposed, and the edges of the strata that succes- 
sively wrap round it are seen while proceeding from north to 
south. The backs of the convex beds are very smooth and 
true, and in many cases marked with slickenside striae. In 
one set of beds I found the direction of the striae was S.W 
by W., following the convexity of the surface (Plate XXVIII. 
fig. 3, a-i, p. 187). I took specimens of both the upper 
surface of the underlying and the under surface of the over- 
lying beds, and found both marked with fine striations. It 
is still more remarkable that a little north of these striations, 
about 12 feet lower down in the series, I found striations on 
the convex back of the anticlinal, having a direction N.W. 
by W. (Plate XXVIII. fig. 3, c-d). 
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It is evident from these facts that the beds, separated 
vertically only 12 feet, have moved or rolled over each 
other at a horizontal angle of from 50° to 60° ; and a know- 
ledge of this fact should tend to modify onr usual way of 
viewing these striations as produced by lateral pressure, 
acting only at right angles to the strike of the rocks. 



Saddles. 

Between Clarach Bay and Aberystwyth is a very instructive 
example of the convex curves of an anticlinal changing into 
the concave curves of a synclinal, and so producing a saddle 
(Plate XXVIII. fig. 2). There are all along the coast 
conclusive proofs of the non-existence of the continuous 
parallel anticlinal and synclinal folds, which most people, 
through geological diagrams and sections, are accustomed to 
suppose really occur in nature. Sectional diagrams can only 
display the curvatures in the direction of the plane of the 
section, whereas the curves in nature are really almost as 
complex as the lines of the hull of a ship. 



Core of AnticUnal. 

Near Borth, the core of an anticlinal is beautifully exposed, 
to use Prof. Judd's words, " by the scalpel of denudation.'' 
A bed of slaty rock, 4 feet thick, is, without perceptible flaw, 
twisted round a cylinder of rock perfectly smooth and true, 
having a radius of not more than 15 feet. This gives one a 
good conception of the plasticity of the materials of the 
Earth's crust when subjected to converging pressures under a 
great superincumbent load. 
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PLATE XXVin. 

Yig. 1. Section of clifl& of Lower Silurian rocka at Llanrhyetyd headland, 
about 9 miles south of Aberystwyth, showing a complicated 
set of compression-fiEiults or planes of shearing. (See p. 190.) 

Fig. 2. Saddle in Lower Silurian rocks between Clarach Bay and 
Aberystwyth^ formed by the junction of anticlinal and syn- 
clinal curves. (See p. 186.) 

Fig. 8. Elongated domical anticlinal in Lower Silurian rocks at the 
north end of Clarach Bay, Aberystw3rth. The slickenside 
strifiB a-i had a direction S. W. by W. ; while those at c-d, 12 
feet lower in the series, had a bearing N.W. by W. (See 
p. 185.) 

fig. 4 Domical anticlinal in the station-yard at Machynlleth. The rock 
is Lower Silurian blue slate, possessing an imperfect deayage 
crossing the major axis of the dome at an angle of about 46°. 
(See p. 19L) 



PLATE XXIX. 

Fig. 1. Convoluted and contorted rocks produced by horizontal drag. 
Lower Silurians, cliffs under Alt Wen, Aberystwyth. Ex- 
planatory of the convolutions in the Anglesey crystalline 
schists. (See p. 189.) 

Fig. 2. Compression fault under Craig-las, Aberystwyth, formed by the 
squeezing together of a synclinal. (See p. 190.) 

Fig. 3. Small antidinal under Alt Wen, Aberystwyth. (See p. 189.) 

Fig. 4. Synclinal in the Lower Silurian rocks between Berth and 
Aberystwyth, laid bare by denudation. (See p. 188.) 



PLATE XXX. 

View of Cliffs in Lower Silurian rocks near Borth, 
north of Aberystwyth, 

At a the interior face of a synclinal is seen, of which the lower parts of 
the beds have been eaten away by the waves, causing the rock to gradu- 
ally fall away in blocks and slide down to the beach, leaving a sort of 
frilling round the hill, as shown in the view. It is plainly seen that the 
synclinal is curved in two directions; otherwise it is of an inverted 
domical form. 

At 6, the beds of part of the synclinal are seen in section. 

The hills in the distance are those about Aberdovey. (See p. 188.) 
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Synclinals Hollowed out by Denudation, 

Towards Borth there are some admirable examples of syn- 
clinals laid bare by denudation. In Plate XXIX. fig. 4^ 
p. 187, is a slight sketch of one of them ; and in Plate XXX. 
p. 187, a more finished view of another, showing the general 
character of the cliffs. The sea having cut almost parallel to 
the axis of the synclinal, the beds dipping towards the sea have 
had too great an inclination to stand in that position. Great 
blocks slip down from time to time and are ground to pieces 
along the coast by the breakers. The denudation begins at 
the foot of the slope, and piece after piece of abed slides away 
from time to time from the parent bed, which continues to 
adhere to the rock it lies upon, until in this way it is all de- 
stroyed to the top of the slope. This is a curious form of 
denudation, which leaves while in progress a sort of frill 
round the cliff, as shown at a in the view, Plate XXX. p. 187. 
As the blocks slide down the inclined plane, they produce 
rubbings that rather obscure the original slickenside striae, 
which are very abundant in most of the beds. The strise on 
this synclinal appear to bear N.W. by W., and on the anti- 
clinal further north, N.W, The striations are common to 
the synclinals as well as the anticlinals. 

Complex Convolutions. 

It is very difficult to trace out all the complicated cur- 
vatures of the strata. One section will disclose beds appa- 
rently twisted up into an S-form, or other complex convolu- 
tions of the strata. Fm'ther complications are caused by 
faults, not apparently of great throw, but dragging the edges 
of the strata into sharp curves. 
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Small Anticlinal. 

Under Alt Wen, south of Aberystwyth, I dissected with 
my hammer an interesting miniature anticlinal, of which I 
give a section, Plate XXIX. fig. 8. This was composed 
of gritty slaty beds, without cleavage, and shaly beds. The 
beds of which it was composed were I, 2, and 3 inches thick, 
the height being 1' 1", and the base 1' 4". It was really the 
core of a larger anticlinal. The apex, a, was bent up into a 
sharp ridge without fracture, and the materials had evidently 
flowed in that direction, the beds being thinned on the flanks 
and thickened at the apex. It is instructive as showing the 
lengthening the beds undergo by lateral pressure. The 
inside of one of the flanking grit-bands of the anticlinal 
showed markings like worm burrows, so that, notwithstanding 
the pressure, this structure had been preserved. 

Horizontal Drag. 

Under the cliffs of Alt Wen a striking example of convo- 
lution and crumpling produced by horizontal drag is to be 
seen. I reproduce a section of it (Plate XXIX. fig. 1, p. 187). 
The section, however, gives but a faint idea of the twists 
and convolutions of the strata, which, from the light and 
dark shades of the beds involved, imitate the graining of a 
large knotty piece of wood. The " twirls *' are not in one 
plane, but curve in various directions, so that a series of 
parallel sections would all appear difierent. This throws 
light upon the extraordinary convolutions of the Archaean 
rocks of Anglesey, to be presently described. 

• Horizontal Throws of Faults. 

Under Craig-las is a very instructive reversed fault havin 
a hade 55° E.N.E. and a strike N.N.W. The throw of the 
fault is 2 ft. 7 in. 

A portion of the underface is exposed and on it are slicken- 
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side striae having an angle of 17^ with the dip of the bedding 
measured on the plane of the fault. The interest of this is 
that the strata on the north-west side of the fault have moved 
between 8 and 9 feet horizontally to produce the measured 
throw of 2 feet 7 inches. The shearing force which produced 
the fault has acted from a north-westerly direction at an 
angle of not more than 45° to the axial strike of the folds of 
the district. 

Faults by Compression and Shearing, 

At Llanrhystyd headland^ about nine miles south of Aber- 
ystwyth^ a complicated set of compression-faults are to be 
seen (Plate XXVIII. fig. 1, p. 187). 

/^ is a compressed and fractured anticlinal. 

/* is a compressed and fractured synclinal. 

// are faults, the origin of which is not so obvious. The 
strata are very much convoluted between the faults. There 
is very little throw, and the whole of the faults are, doubtless, 
due to sharp folding, compression, and shearing. 

Between /^ and /" the beds are severed and stepped by a 
set of shearing-planes, having only a small angle with the 
horizon. The beds are here, as the drawings show, nearly 
vertical. The upper section has in each case slid in a 
westerly direction over the section immediately underneath, 
producing the step-like arrangement of the ends of the beds. 

Compression Fault, 

Under Craig-las (Plate XXIX. fig. 2, p. 187) is a good ex- 
ample of what I call a compression fault. It is a sharply 
closed-up synclinal, the beds being broken by sharp bending 
and compression. It has no measurable throw. 

There are many other examples of folds and faults, the 
general impression left on my mind being that all were due 
to pressure, or shearing caused by pressure. 
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Slate-rock at Machynlleth. 

In the quarry or cutting of the station-yard at Machjm- 
Ueth is a good example of the domically-formed anticlinal 
(Plate XXVIII. fig. 4, p. 187). The sketch shows a section 
of the core at b, where the anticlinal " noses off.'' 

The beds c and d are seen wrapping round this ellipsoidal 
dome. The beds at g,g are shown on the quarry-face ; they 
have originally wrapped round the core also^ but have been 
removed in the quarrying. The back of the dome along the 
major axis^ e /, dips 22° N., but is really part of a low curve. 

The back of the anticlinal is very smooth and true. The 
bed at the point d! dips 45° N.W. by W. The rock is a slaty 
rockj exhibiting imperfect cleavage^ which dips 63° N.W. 
The strike of the cleavage therefore crosses the major axis of 
the folds at an angle of about 45^. 

In the Morben Quarry ^ the beds dip at a high angle to 
the W.N.W., but it is an inverted dip. 

On one of the faces of the beds^ which at this point are 
nearly parallel with the cleavage^ I found, in September 1885, 
beautiful slickenside strise, having a north-westerly direc- 
tion. The dip of the bed was 77^ N.W. by W., and strike 
N.E. by N. 

At one place in the quarry was a remarkably sharp anti- 
clinal f oldj the crushed rock forming the core being crumpled 
and glossy. 

A system of joint planes cuts the rock into prisms, but 
the inability, from the state of the quarry, to get about 
rendered my observations incomplete. 

From an examination of the d^ris I found that the 
cleavage-planes were mostly nearly parallel to the bedding ; 
but in some pieces of rock they were at a high angle to 
the bedding. This might easily occur from the folding and 

• See Walter Keeping's " Geology of Central Wales," Quart. Joum. 
Geol. Soc. vol. zxzvii. p. 163. 
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inversion which the strata have undergone. Mr. W. Keeping * 
says^ for this reason (the approach to parallelism in the 
planes of bedding and cleavage), ''the graptolites usually 
run for some distance along the surface of -the slate, and then 
gradually skim under it/' 

In a road-section between Morben and Machynlleth the 
cleavage and bedding, through the trickling of water over the 
worked face of the rock, have been beautifully etched out. 
The dip of the beds was here 39° westerly, the cleavage dip 
66° N.W. by W. From the great foldings the rocks have 
undergone through their being in comparatively thin beds, 
and therefore unable to resist lateral pressure, the cleavage 
must, in different parts of this district, cut the beds at all 
angles. 

Foldings of Massive Rocks. 

Ramsay's splendid and well-known section from the Menai 
Straits to Aran Mowddwy t, part of which is reproduced in 
Plate XIV. fig. 8, p. 98, exhibits the effects of compression 
on Cambrian and Lower Silurian rocks of a more massive 
type than those just described. This is by comps^rison a good 
illustration of the relations existing between the size of the 
folds and the thickness and massiveness of the compressed 
beds. Here, instead of small folds, minute anticlinals, or 
tightly appressed beds, we have whole mountains, such as 
Snowdon and Moelwyn, but denuded remnants of immense 
arched masses of strata. That these anticlinals have been 
produced by a converging or centripetal pressure, acting with 
a predominating intensity from a north-west and south-east 
direction, is well evidenced by what is called the Merioneth- 
shire anticlinal, a denuded dome occupying an area of over 
100 square miles. The whole of the Upper and Lower 
Silurians have been removed from this space, and mountains 
over 2000 feet high carved out of the denuded vault of Cam- 

* Loc, cU, p. 158. 

t Memoirs of Geological Survey, vol. iii., North Wales. 
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brian rocks. The view of the Bwlch Drws Ardudwy 
(Plate XXXI.) shows this. It is a pass in the heart of the 
Merionethshire dome^ between Rhynog fawr and Rhynog 
fach. All the strata shown in the view^ from base to summit^ 
are Cambrian grits. Excepting to the north-east^ where there 
is aboondary-fault passing near Trawsfynydd^ the Cambrian 
strata disappear nnder the surrounding Silurians with a 
quaquaversal dip. In the Snowdon massif immense beds 
of felstones and ash are involved in the anticlinal and syn- 
clinal bendings. The two Manods^ near Ffestiniog, reaching 
in Manod Mawr a height of 2000 feet above the sea^ are 
almost entirely carved out of massive beds of this kind. 



PLATE XXXI. 

View of the Bwlch Drws Ardudwy (looking north-east), a wild pass 
in the Oambrian mountains of Merionethshire. This range firom base to 
summit is entirely carved out of the Cambrian rocks forming the Merio- 
nethshire dome. (See pp. 102-d.) 
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Anglesey Crystalline Schists. 

The investigation of the bendings^ contortions^ and convo- 
lutions of strata described in the preceding pages will better 
enable us to understand the more complicated plications 
and convolutions to be found in the schists of the island of 
Anglesey. 

Sir Andrew Ramsay still considers that the Anglesey schists 
are Cambrian; but the labours of Bonney^ Callaway^ M'Kenny 
Hughes^ Hicks, and others * tend to show that they belong 
to an earlier series. The remarkable lithological change 
from the Cambrians of Llanberis to the Anglesey mica, 
chlorite, and quartz-schists, although the distance between 
them is but a few miles, and the identity between the Cam- 
brians of Llanberis and those of Merionethshire, which are 
widely separated, incline me to consider the Anglesey schists 
pre-Cambrian. 

For my present purposes it is, however, not very material 
whether this view be correct or not. 

• **TheAicha0an Geology of Anglesey, "by C.Callaway. Quart Journ. 
Geol. Soc. vol. xxxvii. pp. 210-238. Appendix on the Microscopic 
Structure of some Anglesey Rocks, by Prof Bonney (1881). 

" The ArchsBan and Lower Palaeozoic Rocks of Anglesey," with Ap- 
pendix by Prof. Bonney. Ibid. vol. xL pp. 607-589 (1884). 

See also " Pre-Cambrian Rocks of Caernarvon," by Prof. M'Kenny 
Hughes. Ibid. vol. xxxv. pp. 682-603. 

'*0n the Geology of Anglesey," by Prof. M'Kenny Hughes. Ibid, 
vol. xxxvi. pp. 237-239. 

*^ On the Cambrian Conglomerate of Anglesey and Caernarvonshire," by 
Dr. H. Hicks. Ibid. vol. xL pp. 187-208. With Appendix by Prof. 
Bonney. 

<< On the Pre-Cambrian Rocks in Caernarvonshire and Anglesey." Ibid, 
vol. xxxv. pp. 295-320. 

*^ On the Metamorphic Series between Twt Hill (Caernarvon) and Port 
Dinorwig," by Prof. Bonney and F. T. S. Houghton. Ibid, vol xxxv. 
pp. 321-326. 

" Some New Points in the Pr&-Cambrian Geology of Anglesey," by Dr. 
C. Callaway. Geol. Mag. 1880, pp. 117-127. With Appendix by Prof. 
Bonney. 
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Cemmaes Bay to Bull Bay. — On the north coast of Anglesey, 
between Cemmaes Bay and Bull Bay^ the folding and struc- 
ture of these ancient schists can be well observed. 

The strike of the beds is generally in a west by north and 
east by south direction, though there are, according to my 
observations, more local variations than are shown on the 
Survey Geological Map. 

It is evident that the dominant pressure acted in a northerly 
and southerly direction. 

This is shown by the pressure-faults, the planes of which 
dip northerly, and by the slickenside striae to be seen in the 
limestone- quarry at Forth Badric. 

This quarry in the Cemmaes crystalline limestone is in 
itself very instructive; for, notwithstanding its apparent 
obliteration, the bedding is clearly discoverable by these 
slickenside surfaces. 

Here again, though the dominant pressure acted on a 
north and south line, the several domes in the quarry on which 
the striae occur show that the pressure was also centripetal. 
The striae are parallel, or nearly so, throughout the quarry, 
being magnetic north and south. There is also a fault with 
a very low hade, the apparent dip being west north-west. At 
the headland north of Forth Badric there is a fault or slide, 
having a low hade to the northwards. 

West of the China quarry is a very remarkable conglome* 
rate, consisting of quartzite pebbles in a laminated or foliated 
matrix, the laminae of which bend round the stones. The 
westerly part of this conglomerate looks exactly like a breccia. 
A close examination led me to suspect that this breccia was 
produced by the crushing of the quartzite pebbles, the indi- 
vidual pieces fitting together like mosaic, but having a general 
parallel linear arrangement in the direction of the bedding. 
West of Bull Bay the strike of the rocks in the headland is 
north-west and south-east, the dip where I measured it being 
4S° N.E. Again, at a point west of this the strike of the 

o2 
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rocks where I took my observation was E.N.E. and W.S.W., 
withadipof74°N.N.W. 

The strike of the rocks is east and west in Bull Bay^ the dip 
45° N. On the edges of the beds, as shown in Plate XXXII. 
iig. 4, p. 197, are seen a series of pleats and folds, their axes 
on a horizontal plane being parallel, bearing S.W. and N.E., 
as shown. 

The rocks are divided by a system of north-and-south joints, 
along which the erosive action of the waves cuts deep gashes 
into the rocks, helping to give the rugged character distin- 
guishing this coast-scenery. 

Point ^lianus. — South-east of the lighthouse on Point 
^lianus (or Linas) there are excellent examples of convo- 
luted rocks. The strike of these convolutions can be readily 
traced on a horizontal plane (when the rocks are worn down 
in that way). The strike of their axes is N.E. and S.W., or 
from that to N.E. by E. 

On these rocks are also to be seen evidences of movement 
by pressure-faulting. One of these faults had a strike E. and 
W., the striae there bearing N.E. and S.W., dipping 39° S.W. 
Another set of slickensides that I observed had the striae S.E. 
by S. and N.W. by N., dipping 12° N.W. by N. Another 
example was N.W. and S.E., and horizontal. 

I am of opinion that what Ramsay calls the '^ f oliation,'' 
generally speaking, represents the lamination of the bedding. 
The horizontal platforms on which the striae occur are pro- 
bably joints.* 

In a small quarry at the top of the cliff, by the entrance to 

• Sedgwick, spealoDg of the foliated rocks of " Holyhead Mount " and 
fiimilar achistose rocks elsewhere, says — **In general, however, the foliated 
uneven layers of these older formations belong, I believe, to beds, and not 
to cleavage planes, and the oldest and most crystalline rocks, designated 
by the general name of Schists, have no true slaty cleavage, in the sense 
in which I have used the term " (^' Structure of large Mountain Masses," 
Trans. Geol. Soc. 1835, p. 479). 
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PLATE XXXn. 

Anglesey CrystaUine Schists. 

Fig. 1. Sketch of convoluted structure shown in a section on the east 

side of road firom Holyhead to Forth dafiarch, described 

p.ld9. 
Fig. 2. The same, taken a little further south. The face of both sections 

is a joint plane. (See p. 199.) 
Fig. 3. Convoluted structure, simulating architectural bracket, Forth 

dafarch. (See p. 200;) 
Fig. 4. Plan, showing the edges of the schbts on a horizontal plane 

(Bull Bay) and the puckering in a S.W. and N.E. direction. 

(See p. 196.) 
Fig, 5. A plate of the schist showing the nature of these puckers (p. 109). 
Fig. 6. Soft laminated beds enclosed between harder beds, showing how 

the frilling is supposed to have taken place by horizontal dragi 

(See p. 199.) 
Fig. 7. The same, less developed. 
Fig. 8. A common structure in the convoluted rocks, 
fig. 9. Chevron-folds as displayed in a joint plane S.E. comer of Porth 

Eilian (Point ^Uanus). (See p. 198.) 
fig. 10. Sketch of a cliff-section west of Porth da&rch, showing how the 

peculiar structure of the minute convoluted foliations shown 

in the previous figures is reproduced on a large scale in the 

bedding of the rocks. (See p. 200.) 



PLATE XXXm.— Fbontispiecb. 

View of convoluted schists in the cliffs opposite the South Stack, 
Holyhead, looking to the north-east. The distant cliffs are those of 
Holyhead Mountain. (See p. 198.) 
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the lighthoase enclosure (south-east angle of Forth Eilian)^ 
are to be seen some remarkable and minute plications or 
foliations (Plate XXXII. fig. 9, p. 197). These so-called 
folia are plicated into very sharp folds (chevron-folds). The 
folia will separate on being struck with a hammer, so that in 
some cases a series of anticlinal and synclinal mountains are 
simulated on a very minute scale in a hand specimen. 
These convolutions, from the difierent colours of the mineral 
bands, show very distinctly on the joint planes. The plane 
of the sketch (fig. 9) is a joint plane. These joint planes 
frequently have polished surfaces, and the rocks split as if 
coarsely cleaved. 

The same peculiarity I have noticed in slate-rock, which 
will be described in the Chapter on Cleavage. 

At the north-west angle of Point ^lianus the strike of the 
rocks is east and west, dip 62° N. On these rocks I observed 
slickenside striae, having a direction N.W. and S.E., and dip- 
ping 87^ N.W. 

Holyhead Island. — ^At the South Stack the folding of the 
rocks is truly remarkable. (Plate XXXIII . is an Ink-photo of 
a sepia sketch I made this year, 1886 -, from it a good general 
idea can be obtained of the remarkable plications, and even 
torsions, these rocks have undergone.) 

The sketch (Plate XXXIV. fig. 1) shows the '' festooning'' 
of the beds of rock opposite the South Stack, from a point of 
view directly at right angles to the plane of the clifi*. At 
a the beds are shown on the plane of a joint, the line b 
representing a joint at right angles thereto. This can be 
understood on reference to the view (Plate XXXIII.) . At c 
a recent slip had occurred, exposing fresh faces of the joint 
at a higher level. The whole of this gash at a is due to the 
undermining of the waves and the slipping of the overhanging 
rock down the joint-planes. 

The hard quartzose bands vX dd have a rude cleavage, as 
shown in the sketch, not parallel but affected to some extent 
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by the plications. From the softer and argillaceous nature 
of the intervening bands of rock^ these festoons stand out by 
weathering in a striking manner. It appears pretty evident 
that the extraordinary ribbon-like bendings of the festoons 
arise from the hard nature of the quartzose bands and the 
soft nature of the intervening beds. The one gives way by 
puckering, the other by plastic movement. It is not im- 
probable that the greater expansibility of the more puckered 
bands may also have had its effect. 

The strike of the strata on the South Stack is E.N.E. and 
W.S.W., and they were vertical at the point where I took the 
observation, but, from the numerous convolutions, the dips 
may vary at every point. 

The massive beds are in the largest folds» and the laminated 
softer beds between them are often &illed, as shown in 
figs. 6 and 7, Plate XXXII. Fig. 5 is the representation of a 
small piece of lamina chipped off the rocks, given to illus- 
trate the nature of the small folds that occur in thin but 
straight beds, as at a, fig. 1. About a mile south of the South 
Stack, on Lord Stanley^s grounds, is a fine example of an over- 
turned synclinal (Plate XXXV. fig. 1, p. 203) . It exemplified 
in a striking manner the thinning of vertical beds by lateral 
pressure, and the thickening at the bends from the same 
cause. The bed at a is only one sixth the thickness of the 
same bed in the synclinal bend at b. A massive greenstone 
dyke occurs at c. The face of the cliffy as shown in sketch, 
is nearly parallel to the dyke, or north-west and south-east. 

On the road from Holyhead to Porth daf arch, in a cutting 
on the left-hand side of the road, is a most interesting example 
of convoluted foliation. 

Parts of this are shown in Plate XXXII. figs. 1 & 2, the 
face being a joint plane. 

I satisfied myself that the folia represent the original plane 
of lamination. At b b, fig. 1, and b' b\ fig. 2, the laminations 
of the bedding are quite apparent, having a regular dip to 
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the northwards^ thus showing that the strike agrees with the 
general strike of the strata in Anglesey^ which is in a west 
and east direction. At a, fig. 1^ there is a series of double folds. 
These have evidently been produced in the way Daubree, by 
his experiments^ shows such folds are originated in beds of 
rock. The very involved folds of the laminae at c, c, c, fig. 1, 
and the foliations they enclose have doubtless been produced 
in the way the convolutions at Aberystwyth (Plate XXIX. 
fig. 1, p. 187) were produced, namely, by horizontal drag and 
squeezing together between more massive beds to the north 
and south. The same explanation applies to the foliations 
at a a, Plate XXXII. fig. 2, and the more regularly dipping 
laminae enclosing them at 1/ b\ d cf. 

As an instance of the curious bendings and flowings that 
have affected the beds of rock in the Anglesey schists, I 
may point to Plate XXXII. fig. 8, representing a convoluted 
structure to be seen at the side of the road at Porth dafarch 
(right-hand side), where architectural brackets are well 
simulated. The strike of the rocks here is N.E. and S.W. 

That the minute convolutions of the folia are identical 
in character with the larger bendings of the bedding, we have 
a good proof in the sketch, Plate XXXII. fig. 10, which re- 
presents the side of a cliflf west of Porth dafarch, the observer 
looking towards the north-east. At a the beds show in a 
sharp overturn anticlinal. At b the beds have the same 
direction of dip, but are folded vertically. At c the folds 
become vertical festoons. At d, between these more massive 
beds, we have thinner beds pushed up into sharp chevron-folds 
by the upward drag of the overturn anticlinal now resting 
upon them. It is probable that the festoons at c were 
produced before the beds were overtilted. 

One peculiarity of these extremely interesting cliff-sections 
is the proximity of perfectly regular anticlinal and synclinal 
bendings to strata having the most extraordinary convolu- 
tions. An instance of this is given in the sketch, Plate 
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XXXV. fig. 2, in which a and b are overturned antielinals 
with a closely appressed synclinal c between them' from which 
the matter has been squeezed out and has flowed in a fan-like 
form towards d. 

This is a clear proof that the serpentine scrolls^ as at e e^ 
are due to combined bending and flowing^ and helps us to 
understand the origin and structure of the minute convoluted 
foliations. The axis {fg) of the anticlinal {a) which, if com- 
pleted, would be an elongated dome, is S.W. and N.E., the 
same as the strike of the rocks at Porth dafarch. 

To conclude this description, the clifi-sketch at Porth-y- 
gwin, Plate XXXIV. fig. 2, shows this juxtaposition of ser- 
pentine convolutions on a large scale, a a, with part of a 
regular overturn anticlinal b b, which graduates into a smaller 
overturned loop at c. 

It will thus be seen that in a structural sense the Anglesey 
schists are extremely interesting. The mineralization of that 
which, for want of a better term, we may call with Ramsay 
the " folia,^* is doubtless, in many cases, subsequent to the 
convoluting. 

As I have shown, these convoluted folia to a great extent 
are only reproductions on a small scale of what takes place 
in the bedding on a large scale. It is indeed quite incon- 
ceivable to me how such convoluted laminae could be produced 
if there were not a pre-existent lamellar structure to convolute. 

This lamellar structure was certainly not cleavage, nor 
could convoluted laminae be produced by flowing. A flow 
structure is the result of the movement of the constituent 
particles of the substance along definite planes. Lamination 
might be produced first in this way, and afterwards, by the 
action of other forces, the laminae might become convoluted ; 
but there is no collateral evidence of any such sequence of 
events having taken place. 

The schists of Anglesey have doubtless been afiected by 
horizontal pressure at several periods of geological history. 
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The changes in the strike, the regular anticlinal and synclinal 
BtructuToccurring in Lu^J^, and the convoLons, 
bendings^ and twistings in other localities bear witness to this. 
The striae on the joint planes and fractures^ and in some cases 
on the beddings are equally eloquent in telling the same story. 
That the schists have been covered by enormous masses of 
rock^ since removed by denudation^ is not less plain. The 
verticality of the cleavage in the Llanberis slate-quarries is one 
evidence of this ; for these Cambrian slates could not have been 
subjected to the horizontal pressure requisite to produce them 
had they not at the time of their birth been buttressed up 
with masses of rock overlying the Anglesey schists. 

PLATE XXXIV. 

Ilg. 1. Front view of the cli£b opposite the South Stack, Holyhead. 
a is the face of a joint plane, showing very truly the bendings 
and festooning of the beds. 

This is the same as the rectangular gash in the rocks to the 
right of the picture (Plate XXXITL), caused bj the slipping- 
down of the rock along the joint planes a and b. 

There is a curious association of festooned bedis e and d with 
regular flexures c and/. 

The beds d, d hie hard, and affected by a rude cleavage 
strongly brought out by weathering ; it is not parallel but is par- 
tially affected by the plications of the beds. The intervening 
beds are soft and strongly weathered out, giving the cliff a very 
remarkable appearance. Beds of similar character to those 
described reappear at g on the right hand side of the fault/* 
(See p. 198.) 
Fig. 2. View of cliff at Porth-y-gwin. The most extraordinary con- 
tortions are observable in this cliff; the beds at a, a are more 
comparable to contorted notes of interrogation than to anything 
else I can think of. 

Notwithstanding this, we see at 6 the remains of a strong 
and perfect overturn anticlinaL It looks as if the rocks here 
had been first regularly'folded and then '^ mashed " up by after 
movements. 

If the rocks were first folded in Archsdan times the mashing- 
up, twisting, and vertical tilting of the plicated beds, as at o, a, 
was most probably 83rnchronous with the uplifting of the 
Snowdonian range. (See p. 201.) 
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PLATE XXXV. 

Fig, 1. Overtiim synclinal in a cliff on Lord Stanley's gronnds, about ft 
mile S. of the South Stack. 

This is a splendid example of the extension of beds by com- 
pressiye strain, the left limb of the syncline at a being only 
one sixth the thickness of the bottom bend at 6. A similar 
thinning of the bed by pressure occurs on the opposite limb at 
d df while at the bend b the beds &om b to e haye all been 
thickened. At ff is a fault with very little, if any, throw. At 
g and h the beds are '^ mashed " up. From the bend at t it is 
inferred that the whole syncline has been pushed up in the 
direction d d. 

At c, in the comer of the sketch, is seen the basalt-dykoi 
along the side of which the sea-gulley, exposing the clifi, has 
been excavated. This dyke crosses the bay in a south-easterly 
direction, reappearing in a striking black tower (due to its 
denudation) on the opposite shore. 

Fig. 2. View of overturn anticlinals in a creek W. of Forth dafarch. The 
core of one of them is preserved as shown, the axis/y bearing 
N.E. and S.W. The strata have been as it were peeled off 
the core. At c, the beds of the syncline have been squeezed 
out in a fan-like form. Outside, and surrounding these re- 
markable anticlinals, the strata are mashed up into extraordinary 
convolutions. (See p. 201.) 
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Coal-Basins. 

The term *' coal-basin '' implies a concaye form of bottom 
wbicli does not accord with the prevalent idea of a synclinal 
trough. The reason why coal-beds usually lie in basin- 
shaped hollows is because they have been subjected to con- 
verging pressure^ and not because they were originally laid 
down in that form. It is here maintained that the basin- 
shape is the normal condition of synclinally flexed strata. 
In consequence of coal being an article of great commercial 
value, more is known of its mode of occurrence than perhaps 
that of any other mineral bed. Any section in any direction 
across an anticlinal or synclinal necessarily shows in an arch 
or inverted arch form. In coal-strata, through following 
out the beds, it has been found that these arch-like sections 
are merely sections of more or less elongated elliptical 
troughs.* 

An interesting plan and section of the Ooyt trough, in 
North Staffordshire, is given by Prof. Green f, which will 
assist to explain the nature of a synclinal trough. If it were 
possible to map out all conterminous beds that have been 
affected by horizontal pressure, we should find that syn- 
cliuals generally assume — allowing for faults and disturb- 
ances of after occurrence — more or less this basin-shape. 

* Pro£ Hull recognized this f&ct long ago, although his explanation is 
not quite the same as mine. In the following I should substitute cen- 
tripetaUy for '' along two systems of lines." 

'' It must not he supposed, however, that this basin-shaped arrange- 
ment of the Upper Carboniferous strata was the original form in which 
the coal-fields were deposited, like no many lakes filled with sediment 
and surrounded by hilly banks and barriers. Such an idea would be 
altogether erroneous. The basin-shaped structure is in every instance 
due to terrestrial movements acting along two systems of lines, accom- 
panied and followed by denudation.'^ (' Coal-Fields of Britain,' 3rd edit., 
p. 463.) 

t * Physical Geology/ 2nd edit., pp. 480-1. 
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In Pennsylvania, from the parallelism of direction of the 
dominant pressure which created them, the coal-basins are 
mostly canoe-shaped troughs. The beautiful maps in the 
grand Atlas of the Anthracite Coal-fields of Pennsylvania, by 
Prof. T. P. Lesley and Chas. A. Ashbumer, very ingeniously 
show the form of each basin-bottom by a series of subterra- 
nean contours 50 feet apart. 

From this we see that the basins are elongated synclinal 
concavities, the major axes of which are often from 10 to 50 
times that of the minor axes. 

In some cases, for example the Mahanoy Basin, the syn- 
clinal concavity in cross section presents the appearance of a 
V with the bottom sharply rounded off. Alongside of this 
is a synclinal having a well-curved section, or, as is the case 
in the example given in Plate XXXVI. fig. 2, p. 207, there 
. may be a repetition of a V-fold with an overturn auticlinal. 
Sometimes the strata present the appearance of a series ot 
sharp folds (chevron folds), as if several beds had been folded 
np on hinges, or they may assume long curved folds, as in 
Plate XXXVI. fig. 1. In all cases, however, the folds resolve 
themselves into anticlinal convexities or synclinal concavities. 
The proportions of the major and minor axes of these 
elongated troughs differ according to the intensity of the 
dominating pressure which created them. Some of the 
Mammoth-bed coal-basins appear to be long troughs with the 
bottom in undulations produced by minor concavities, often 
several hundred feet below the lowest point of the lip of the 
main trough. 

To thoroughly understand the complexities of these coal- 
bottoms, the maps themselves should be studied. It will then 
be seen that, complex as they are, continuity of curvature is 
preserved in every direction. It seems clear that though the 
dominating pressure has been at right angles to the trough, 
there has also been pressure along the major axis, and indeed 
in more or less intensity from every point of the compass. 
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Panther-Creek Basin, 
A photograph of a plaster model of this coal-basin copied 
in lithography is given in the First Report of Progress in 
the Anthracite Coal-Region^ 1883 (Chas. A. Ashbumer), 
p. 242. Of this model, Prof. Lesley says: — ^''The most 
striking feature of the plication of the coal-beds of this 
basin is its sharpness, the rarity of those soft and gentle 
curvatures which characterize the bituminous coal-basins, 
a rigid plainness of the up and down slopes, suggestive of a 
severe lateral compression in the jaws of a vice, and a humid 
plasticity of the Coal-measures at the time of compression ^' *. 
Prof. Lesley is of opinion that ''no Palaeozoic plication 
occurred until the close of the Coal age ; and that it took 
place then at once^ and for alL^ 



f9 



Floor of the Mammoth Bed, 

In the large Atlas before referred to, an underground 
contour-map, showing the shape of the floor of the Mammoth 
bed at Maunch Chunk, is given, together with a photo-litho- 
graph of a plaster model on the same scale. An examination 
of Plate XXXVII. figs. 1 and 2, will enable the reader to realize 
the nature of these great synclinal troughs. The plate is an 
Ink-photo of part of the Atlas-sheet, and therefore an exact 
reproduction (on a smaller scale) of the original. Some of 
the references on the map relate, it is necessary to observe, to 
other portions of the Atlas not copied. As all the information 
requisite for understanding the plate is contained on it, it 
is unnecessary, in this instance, to give a separate detailed 
description. 

The same remarks apply to Plate XXXYI. 

Variations in Thickness of Beds by Pressure, 
Prof. Lesley suggests that the extraordinary variations in 
thickness in the conglomerate of the southern field of the 

* Second Geological Survey of Pennsylvama, p. xviii AA 
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PLATE XXXVI. 

Sections of Anthracite Coalrfield$, 
{^Reproduced from the Second Geological Survey of Fenneylvania,) 

1%. 1. Section through the Shenandoah, Ellangowan^ and Mahanoy 
Basins. 

Fig. 2. Section through the Shenandoah^ William Penn, and Mahanoy 
Basins. 



PLATE XXXVIL 

Han and Model, showing the Floor of the Mammoth Beds in the Anthracite 
Coal-field of JPennsglvania, {Meproduced from the Second Geological 
Survey of Pennsglvaftia,) 

Fig. 1. Plan of Floor of the Mammoth Bed, with contour lines at eyery 
60 feet vertical. 

Fig. 2. View of the Model, exhibiting the plications in the above. 
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Anthracite region, although in other regions throughout 
Pennsylvania it has a pretty uniform normal thickness of 
300 feet, is due to the same cause as the local bulging of 
coal-beds and the shales and sandstone intervals. He states 
that along some miles of the western end of the Dauphin 
County coal-basin, the basal layers of the conglomerate 
which form the crest of the mountain are tightly pinched^ 
like the Panther-Creek Coal-measures; and it is possible 
that such pinching occurs along the line of every sharp 
synclinal in the Pottsville basin. The local vertical varia- 
tions in thickness are from 1700 to 900 feet, and back again 
to 1700 feet. Prof. Lesley points out that if both top and 
bottom planes of the conglomerate are sharply plicated, it is 
evident '^ that there must have been a universal shifting of 
all the materials of the formation, both in various directions 
and in various degrees commensurate with the irregular con- 
struction, imperfect parallelism, and diverse amplitude of the 
different folds.'' * 

According to Mr. Ashbumer, whose surveys of this com- 
plicated region are models of scientific care, the Anthracite 
coal-beds are subject to such unexpected and inconceivable 
freaks in the numerous foldings which they make, that it is 
frequently impossible to even suggest a solution of the 
structure. 

Pinching-out of CoaUbeda. 

Frequent references are made by Mr. Ashbumer to the 
'^ pinching-out *' of coal-beds, which is of not uncommon 
occurrence ; and a further proof, if that be wanted, of the 
internal movements of the coal consequent on pressure. The 
existence of pockets of coal also point to the same great 
fact. Pinching, dispersion, thickening, or pockets are 
all the results of a change of mass by flowing. After 

* Second Geol. Survey of Pennflylyania, p. xiz AA. 



MOVEMENTS OF DEFINITELY BEDDED ROCKS. 209 

what M. Tresca has taught us of the '' flowing of solids/' it 
seems hardly necessary to postulate for the phenomenon 
any specially soft condition or plasticity of the coal itself. 

Surface Areas of Coal-basins as compared with the Areas 

of the Beds. 

The relation between the area of the surface and that of 
the coal-bed has been carefully computed in a good many 
cases by Mr. Ashburner. They seem to range in the pro- 
portion of 12 of surface to 19 of coal-bed. How much of 
this is due to simple folding and how much to actual exten- 
sion of the beds it is impossible to estimate. Even in esti- 
mating the quantity of coal in a certain district^ there is a 
great element of uncertainty in the difficulty of assigning an 
average thickness to the coal-beds *. The Mammoth bed 
varies from 27 feet to 102 feet thick. 

Internal Changes involved in the Folding of Beds. 

Strata cannot be flexed or folded without corresponding 
internal changes taking place in the beds themselves. Irre- 
spective of molecular change^ the material of the bed must 
distribute itself in a way to meet the surrounding pressures 
and tensions to which it is subjected. Let us investigate a 
few examples. 

Simple Flexure. — ^The simplest form of change is the 
angular bending of a bed upon itself as in a V-shaped 
anticlinal or synclinal. 

Prof. Miall showed, in a series of very ingenious experi- 
ments, that thin slabs of limestone, if acted upon by weights 
properly proportioned and placed, could be bent to a con- 
siderable angle without fracture. By means of an apparatus 
which could be gradually loaded by the aadition of shot, he 

♦ P. 109 AA. 
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succeeded in one case in bending a plate of limestone *07 
inch thick to an angle (reckoned as rectilinear) of 12°. 
This took three months to accomplish. Time was found to 
be one of the essential elements of success. On removal 
from the machine the plates generally cracked at the apex in 
a few days *. 

In the Earth's crust a sharp simple flexure of a bed occurs 
under difierent conditions. Here, all the surrounding rocks 
are in a state of stress, pressing upon and supporting one 
another. I have little doubt, however, that the bending 
takes place around a neutral axis, above which, in a syn- 
clinal, the bed is in a state of compression, and below it in 
a state of tension (see Plate XXXVIII. fig. 4). In conse- 
quence of the pressure of the surrounding rocks, with which 
the bed is in perfect contact, the tension seldom ends in a 
rupture, the material of which the bed is composed being 
extended by squeezing. 

With a series of beds affected in this way, each bed is 
acted upon in a similar manner, and the beds otherwise 
adjust themselves to changing conditions of space by sliding 
upon or over one another. In a closely compressed syn- 
clinal the beds in the core must be actually squeezed up- 
wards as in the jaws of a vice. 

To illustrate how beds slide on each other in adapting 
themselves to varied foldings, a very simple and neat experi- 
ment may be made. 

Take a series of strips of paper, all exactly the same width 
and length, then mark across the edges at intervals of half an 
inch a succession of parallel lines. The strips must be held 
tightly together between boards while this is being done. 
Then place the series, edges downwards, on a board, and fix 
the centre by gripping it between two pieces of wood, as in 
the diagram (see Plate XLII. figs. 1 & 2, end of book) . 

* * Popular Science Rtviow,' January 1872. 
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By the aid of French nails driven into the board at any 
determinate points^ the compound strip can be bent back- 
wards or forwards at pleasure. 

The parallel lines previously marked at right angles to the 
outside planes (fig. 1) now show at a variety of angles (fig. 2), 
according to the form of the folds. These angles exhibit the 
extent to which the beds have moved upon each other. The 
illustration is taken from an actual example. 

Squeezing or Stretching-out of Overfolds. — In some cases 
it is impossible to account for the form the folds assume, 
except by actual squeezing-out and lengthening. This is 
shown in an overfold of the before-mentioned Mahanoy 
anticlinal in Pennsylvania (Atlas, Sheet AA 21, Section 
No. 3). If we produce the folds, we shall find that the 
strata have been gripped between two synclinals, and that 
the top beds are longer than the bottom ; hence either the 
one has been stretched or the other shortened, the former 
being the true explanation. In Atlas, Sheet AA 22, Section 
No. 5, the Mammoth bed, in the underpart of the overfold 
of the Shenandoah anticlinal, is very much thinner than 
the continuation of the same bed on the back of the over- 
fold. Most probably it has been extended on the underside. 
The contrast between the sweeping circle of the Locust- 
Mountain anticlinal and the extraordinary V-shaped trough 
of the adjoining Mahanoy synclinal in Sections Nos. 7, 8, 
and 9, Sheet AA 23, is very striking. Also the fan-form of 
a series of beds to the right of Section No. 9. 

From the convexities and concavities into which the beds 
are moulded, as previously explained, the movements have 
been still further complicated. Although the synclinals are 
often such long canoe-shaped troughs, an examination of 
the underground contours, which so admirably display the 
form of the bottom, shows that pressure has acted along the 

p2 
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longer as well as the shorter axis^ but in a much less degree. 
(See termination of Mahanoy basin^ Western Middle Coal- 
field, Mine Sheet No. 1, also Mine Sheet No. 2*.) 

Anticlinal of Brady's Bend. 

In the Bituminous Coal-fields of Western Pennsylvania, 
the declination of the axes of the anticlinals has in some 
cases been measured. 

This declination is doubtless part of a low curve forming 
the longitudinal back of the anticlinal, indicating that the 
typical but extremely elongated domical shape also prevails 
in this district. 

Taking the Upper Freeport coal as a horizon, the altitude 
of the crest of the axis of Brady^s Bend anticlinal on Little 
Bufi^alo, near Saxon City, is 1175 feet above the tide; and 
at Wood's run, where the axis crosses the Ohio River, the 
same coal is about 100 feet below the railroad track, or 630 
feet above the tide, thus giving a southward slope along the 
crest of the axis of 545 feet in this distance of about 25 
miles, or a decline of about 22 feet per mile along a line 
running about south 40° west f. 

Anticlinal and Synclinal Axes in Indiana County. 

A series of seven anticlinal and six synclinal folds, affect- 
ing the bituminous measures of Indiana County, arc de- 
scribed by Mr. W. G. Piatt J, and may help to throw some 
further light on the nature and form of these convexities and 
concavities. 

* It has been impossible for me to reproduce these maps and sections, 
so I give the references to the original Atlas-sheets of the Second Geolo- 
crical Survey of Pennsylvania. 

t Keport of Progress in the Beaver-River District of the Bituminous 
Coalfields of Western Pennsylvania, 1876, by I. C. White, p. 20 Q. 

X Keport of Progress, Indiana Oounty, 1878. 
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The district is removed from the greatest axes of com- 
pression^ the folds being described as " broad rock- waves/' 
the crest-lines of which run nearly parallel to each other 
across the map in a north-east south-west direction through 
the county. The rocks therefore dip north-west and south- 
east, except in places where the anticlinals and synclinals 
are sufficiently tilted along their central line to affect the 
normal incline of the strata *. 

One of the features of this series of folds is the Nolo anti- 
clinal, a small subaxis splitting the Ligonier basin lengthwise, 
on one side of which is the Mechanicsburg and on the other 
the Centerville synclinals. Both to the south and the north 
these synclinals become united into one great trough by the 
disappearance of the anticlinal, and pass under the well- 
known name of the Ligonier synclinal. 

Here we evidently have an elongated convexity in the 
middle of a larger trough-like concavity* 

But the main anticlinals evidently, from the description, 
are convex along their major axes. 

The Indiana anticlinal along the axis from south-west to 
north-east steadily increases in force and strength, until it 
lifts the ^^Elk'' or "Boon Mountain,-' Elk County. In 
AVestmoreland County it is little more than a feeble undu- 
lation. 

The Chestnut-Ridge anticlinal has an average dip along the 
strike of the anticlinal between the Conemaugh and Black 
Lick of a little over 1°, or 100 feet per mile. It appears to 
have an undulation in the major axis. 

The Blairsville Basin is a simple synclinal fold, extending, 
without structural complication of any kind, from the centre of 
the Chestnut-Ridge anticlinal on the south-east to the centre 
of the Indiana anticlinal on the north-west. Towards the 
north-east, in consequence of the non-parallelism of the two 

• Ibid. p. 33. 
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enclosing anticlinals^ its width is reduced from seven miles 
in the Conemaugh to a little over four miles in the latitude 
of the county-seat. It then expands again to about five 
miles^ at which it continues to and across the Jefferson 
county line. 

The dips approaching the synclinal from the south-east 
and north-west are not always of the same force, nor does 
the axis run along a line midway between the enclosing 
anticlinals. The synclinal is thrust eastward or westward of 
the centre of the basin, as the case may be. The floor of the 
trough has a very gentle but steady slope towards the south- 
west, a tilt which this synclinal has in common with all 
similar axes of the county *. 



Ligonier Valley, 

Mr. J. J. Stevenson, in a general description of the 
"Anticlinal axes of South-western Pennsylvania,^^ f states 
that the " Ligonier Valley is a canoe-shaped synclinal point- 
ing out in Preston County of West Virginia, while, south 
from the gap of Cheat River, another similar synclinal 
begins, widening and deepening southward. The series of 
anticlinals described approach each other to the soutli, so that 
the consolidation of the axes is so rapid and effectual that 
at the Parkersbui^ and Staunton pike, barely 70 miles 
south from the Pennsylvania line, there remain of all the 
Pennsylvania axes west from the Alleghenies only those of 
Laurel and Chestnut ridges, which are reduced in the former 
case to a simple flattening of the dip, and in the latter to a 
gentle fold of utterly insignificant proportions '^ J. 

♦ Report of Progreas, Indiana County, 1878, pp. 149-161. 
t Report Prog. Fayette and Westmoreland District Part II. The 
Ligonier VaUey : 1878, p. 268 K K K. 
t Ibid. p. 270 K K K. 
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Great Synclinals^ enclosing Groups of Sub-anticlinals and 

Synclinals, 

Perhaps the most instructive series of sections of this 
interesting survey is that across the Panther Creek Basin in 
Carbon and Schuylkill Counties*. With the aid of the 
underground contour-maps in connection with the sections, 
this otherwise diflScult enclosed series of folds can be readily 
understood. Commencing with Section No. 1, Sheet No. 1 
AA, near the southern termination of the Hell Kitchen 
Basin f (in fact, where it ^^ noses out '* in canoe-like form), 
we find that the Mammoth bed is folded sharply upon itself. 

In Section No. 2 the great synclinal trough widens out 
and deepens, and the Mammoth bed is seen folded into two 
synclinals, containing subordinate anticlinals, the one to the 
left (Rhume Run) being overturned. The Rhume-Run over- 
turn continues in Section No. 3. The two synclinals follow 
on through Sections No. 4 to No. 9, Sheets Nos. 1 and 2, 
in varying folds, with subfolds that can only be understood 
by appeal to the sections themselves. Some of these syn- 
clinals are tightly compressed, and the overturn of the strata 
passes to the right-hand side in Sections Nos. 7 and 8. 

The contortions of some of the beds on the sides of the 
synclinals are very curious. 

Now the form of this Panther-Creek Basin and subordinate 
basins cannot be explained by the simple approach of the 
bounding anticlinals towards each other at the extremities. 
Every fold, whether convex or concave, " noses out,'' so that 
the dip changes at the terminations. The only way in which 
these boat-like forms can be accounted for satisfactorily is 
by pressure acting along the major as well as the minor axes, 
but in a much less degree. 

• ' Southern Anthracite Field,* vol. i. A A. 

t The sections are not reproduced here, but the map ia that given in 
Plate XXXVII. tig. 1, p. 207. 
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The extraordinary length of the folds of the Appalachians 
before they gradually die out shows that the dominant pres- 
sure acted transversely, but the canoe-like form of the folds 
when followed out longitudinally, together with the swinging 
round of the pai'allel axes which takes place in some districts, 
point to the action of a force apparently at right angles to 
the dominating pressure, the resultant folds following the 
line of least resistance. 

Packing of Strata in Synclinals. 

Before leaving this interesting field of study, the packing 
of the strata enclosed in a great synclinal into subordinate 
anticlinals and synclinals demands notice. 

In the first place, the initiation of these subfolds has 
probably commenced at the same time, or not later than, the 
larger folds enclosing them. 

It seems unlikely that horizontal pressure should push up 
an anticlinal in the concave bottom of a synclinal, because 
it is arched or convex to the pressure. When once formed, 
lateral pressure will go on compressing it. 

If, however, we consider all the folds as simultaneously 
initiated, it is quite conceivable that as the pressure increased 
the major folds might rise up and enclose the minor. Once 
enclosed, subsequent squeezing might compress and disturb 
the minor folds as we see them. 

If we examine the geometrical possibility of folding, we 
shall see that it is possible to arrange the strata in folds at 
right angles without an actual lengthening of the beds. If 
the angles of the folds are acute, or less than right angles, it 
is easy to see that they will not '^ pack " -unless the enclosed 
beds are squeezed thinner. As we find acute-angled folds 
in nature, it is evident that some or all of the component beds 
have been extended along their bedding-planes by squeezing. 
This is explained in detail in the description of Plate 
XXXVIII. (Chevron-folds). 
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PLATE XXXVnL 

Diagrammatie Ittmstrations of tkt Progrtm of TMing^ and ike Eitermom 
of Strata tJkat may take place by Lateral Preuure. Chetbox-Foli>8. 

Fig. 1. A to B represents a series of horizontal sedimentary beds, and B to 
C the same set of beds folded into zigzags, which I call chetsox- 
FOLDS, from their likeness to the Norman ornament of that 
name. These folds result from the giving way of the beds at the 
i^ces, hhf and the trooghs, ec, as if hinged. In natore there 
are aQ the intermediate forma betweoi the cherron-folds and the 
true anticlinal, where the sides are curved. The regularity of 
the folds is exaggerated in the diagram for geometrical pnrpoees, 
as win be explained* 
Fig. 2. D to £ xepresents the folds farther developed, until the two ndes 
are at acute an^es to each other. £ to F shows them still 
forther squeezt^d up, until the sides form yery acute angles. 

For oonyenience of representation, these folds, which are 
mrntymmetneaty having their axe? inclined, are shown reveraed 
on each side of the centre line. Their axes consequently incline 
towards the centre line, as shown in dotted lines. 

According to this theory, as each anticlinal rises in gable-form, 
the core, d, is filled with similar folded beds, pushed up from 
below. Until the folds reach an acute angle, it is probable that 
the beds remain of their original thickness. 

When the beds haye turned past a right-angle, extension or 
lengthening of the beds takes place, as can be geometzicallj 
proved in the f ollovring manner, and the lengthening of the beds 
increases as the angle grows more acute. 

The angle efy encloses a definite area of matter. If the &et 
cd the triangle e g are made to approach each other, one of two 
things must happen : either the matter must be condensed, or it 
most flow upwards until it assumes a triangular form hayingan 
equal area. Otherwise stated, the area of the triangle remains 
constant throughout the change of form, k ij represents a tri- 
an^ of equal area to efg^ the sides h i and ij being longer 
than the sides ef and fg ; consequently the beds framing the 
sides have been squeezed thinner and lengthened. 

It is seen from this example that measuring the length of the 
beds over the folds in £ F, fig. 2 viill not give us the original 
length of the beds. The base-line has been shortened, but the 
beds Lave been extended in length and squeezed thinner. 
Fig. 3. An enlarged drawing of one of the apicea k k, fig. 2, showing the 
cavity / which would be left if the bed were turned on its inner 
edge at m. 
Fig. 4. The same, showing approximately what takes place in nature in 
the bending of the beds. O is the neutral axis ; n is the material 
which is dispersed by compre^aon ; p is the tendon-space that is 
filled up from n <m (t<mi the sui rounding rocks. (See p. 210.^ 
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Contortion in Mbsozoic and Tertiary Rocks 

IN Britain. 

Athough there are no upheavals in Great Britain of 
Mesozoic age of sufficient importance to be classified as 
mountain-ranges^ the Mesozoic strata have generally been 
thrown into anticlinal and synclinal undulations more or less 
pronounced. As assisting us to understand the movements 
of rocks on the stupendous scale in which they have taken 
place in most of the examples already given^ a consideration 
of some of the Mesozoic disturbances may not be unin- 
teresting. 

The Yorkshire Geological and Polytechnic Society has 
published three photographic illustrations of contortions in 
the chalk of Flamboro' Head. The interest of these excellent 
examples lies in the circumstance that the chalk of York- 
shire is generally not much disturbed, dipping with tolerable 
regularity to a point S.E. of its eastern boimdary * ; yet at 
Staple Nook, between the Speeton clilFs and the lighthouse 
at Flamboro' Head, for a space of 300 yards the thin-bedded, 
hard chalk has been thrown into violent contortions, well 
exhibited in the photographs referred to. From the base of 
the cliflf to the summit '^ the chalk is bent, folded, and crushed 
in every conceivable manner.'^ 

This is an illustration on a small scale of what takes place 
in mountain-ranges, the folding due to the lengthening of 
the strata being confined to a small area in comparison with 
the undisturbed portions. The thin beds of chalk are sus- 
ceptible of bendings and movements upon each other that 
would not affect more massive beds. Once the strata begin 
to give at a particular point in this way, other areas are 
relieved and pushed over towards the line of least resistance. 

• « On the Contortions of the Chalk at Flamhorough Head/' hy J. W. 
Davis (Proceedings of the Yorkshire Geological and Polytechnic Society, 
1885, pp. 43*40). 
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This is a typical example of the contortions found in 
Mesozoic rocks in Britain. At Lul worth, Cove the Purbeck 
beds are violently contorted in a somewhat similar local 
manner. 

Mr. Aveline, in the Survey Memoir of the Geology of the 
Country around Nottingham, says : — "Although the Mag- 
nesian Limestone is not much disturbed over this area, either 
lying flat or dipping at small angles, there are some very 
sharp anticlinals. One of these has been noticed as bringing 
up the lower beds of the Magnesian Limestone if not the 
Coal-Measures, on the west side of Hucknall Torkard. This 
line of upheaval can be traced from Aldecar Wood, north- 
west of Linby, to Bulwell, a distance of four miles. Although 
so sharp that the beds near its centre dip nearly as much as 
80°, its influence is not felt for any great distance from the 
anticlinal axis, for the beds assume their ordinary position in 
less than 10 yards on either side.''^ * 

In the Isle of Wight the Lower Tertiary strata change 
suddenly from slight inclinations to a sharply turned anti- 
clinal with vertical beds, the chalk having been afiected by 
the same movement t* 

Numerous further examples might be added, all of a 
similar nature ; but these are sufficient to show that there is 
a proportion between the extent and amount of sedimentary 
beds and the size and importance of the anticlinal movements 
afiecting them. 

• P. 17. 

t " The Tertiary Fluvio-marine Formation of the Isle of Wight," by 
E. Forbes (Memoir of the Qeol. Survey, plate 9). Also see Plate accom- 
panying paper '' On the Oligocene Strata of the Hampshire Basin '' 
(J. W. Judd, Quart. Joum. Geol. Soc. May 1880). 



CHAPTER XVII. 

THE CORDILLERAS OF THE WESTERN UNITED STATES. 
MESOZOICAND CAINOZOIC UPTHROWS, 

It will now be profitable to transfer our minds to the Rocky 
Mountains, and the Green River and Utali Basins. These 
districts^ simpler in some respects than the highly folded 
Appalachians, are in others more geologically complex. The 
folds we have been considering are all of one age, whereas, 
according to the distinguished members of the United States 
Geological Survey already quoted, the mountains of these 
Western Territories are of dificrent ages. A later set of 
mountains, so to speak, has been superimposed upon an 
earlier. 

A reference to the sections accompanying the Geological 
Surveys of the Fortieth Parallel, some of which are reproduced 
in tl^s work, will explain this (see Plates X. & XI. pp. 49 and 
50). Here we see, in place of the sharp and complicated 
flexures of the Appalachians, the strata more frequently 
thrown into long folds, the newest beds, as a rule, being 
bent into the gentlest curves. 

The sections reach from longitude 104 to longitude 120, 
or over 800 miles. Commencing with the Southern Scries 
(Plate XI. p. 50) in longitude 104 and proceeding westward, 
we traverse the Cretaceous beds of the great plains horizontal 
until the Archaean mass of the Colorado Range is reached, 
where they fold over the flanks in a monoclinal curve, and are 
underlain by Jurassic and Carboniferous rocks. Between the 
Archaean mass of the Colorado and the Park Range occurs the 
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North Park, a basin of Cretaceous rocks, with underlying Ju- 
rassic and Carboniferous lying, as before, upon the Archseans. 
On the western flanks of the Park Range we again come upon 
the outcrop of the Cretaceous beds, having a gentle anti- 
clinal and synclinal curvature, lying upon the same Palaeo- 
zoics, but covered with eruptive trachyte and basalt. The 
series continues westward until the Uinta Mountains are 
reached, and we pass over the outcrop of Cretaceous, Jurassic, 
Triassic, and Carboniferous rocks. The Uinta Mountains 
are composed of a great mass of Upper and Lower Car- 
boniferous rocks, the axis of the range being nearly east and 
west, or approximately at right angles to the prevailing trend. 
West of the Uintas we pass over the Wahsatch Mountains, 
where Cambrian rocks are disclosed. From this point to 
longitude 120 we meet no more with Cretaceous beds, the 
older Palaeozoics being overlain in places with Tertiary and 
Quaternary deposits and masses of Rhyolite and other 
eruptive rocks. 

The sections themselves show no strong lines of uncon- 
formity excepting between the Archseans and the Sedi- 
mentaries that lie upon them. 

The Uinta Mountains are, according to Powell, of Creta- 
ceous age, and it is evident that the Cretaceous beds have 
here overlapped them as well as the Archseans, and that 
an immense mass of sedimentary beds, estimated by Powell 
at 30,000 feet, has been denuded from them. The Cretaceous 
beds must formerly have extended much further west than 
they do now. There has been enormous denudation of all the 
area between the Uintas and the 129th meridian. 

To what extent Palaeozoic mountains existed before the 
deposition of the Cretaceous rocks upon them it is difficult 
to say ; but it is pretty certain that the Palaeozoics have been * 
squeezed up along with the Cretaceous rocks, and have been 
much further developed in their foldings by the same force 
that bent the Cretaceous. 



J 
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The Uinta Moantains are extremely interesting, as showing 
the hog-back or domed anticlinal on a simple and stupendous 
scale^ and this at right angles to the dominant direction of 
the other ranges. 

Lprespective of the direction of the longer axis, the Uintas 
are a standing proof that the horizontal pressure accompany- 
ing the uplift acted convergingly towards the range. It is 
also worthy of note that the older and deeper lying rocks 
have been the most folded. 

High Plateaus of Utah. 

The High Plateaus of Utah* have been rendered classic 
ground by the researches of Button and Gilbert. The 
behaviour of the beds is here so entirely dissimilar to those 
in the contorted regions of the AUeghenies as to have formed 
the groundwork of special theories of mountain-building. 

The sections across the Wahsatch monoclinal to the San 
Rafael Swell will enable us to understand the characteristics 
of the structure of this peculiar country. 

The general character of this tract of country is that of a 
platform from 50 to 60 miles wide, bounded on the west by 
the Wahsatch monoclinal flexure — a grand uplift in which 
the Tertiary strata, along a base-line of 50 miles, bend upwards 
in a single sweep diversified by minor irregularities arising 
partly from minor fractures, partly from erosion, but never 
of such magnitude as to mask the general plan of the uplift, 
nor even to greatly interfere with its symmetry. Its extern 
boundary is a wall of erosion facing westwards, being the 
scarped edges of a corresponding but buried monoclinal 
flexure. The general dip of the strata composing the 
pleateau is westwards, but an enormous mass of rock has 
been denuded from the whole area of its summit. The 

• " Geology of the High PlateaiiB of Utah," p. 100 (U.S. Survey of 
the Rocky Mountain Region). 
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Lower Tertiary beds of the western flank are 5500 feet 
above still more recent ones below, so that the original 
uplift must have been more than 7000 feet, with a near 
approach to equality along a line of strike of 50 miles. 

The Wahsatch Plateau is a remnant of the original plat-- 
form on which the Tertiary beds have been preserved ; it is 
a tableland about 6 miles wide. From it we may look down 
upon the Cretaceous beds, ttom which about 2000 feet of 
Tertiaries have been removed. On the eastern border, called 
the San Rafael Swell, a very low anticlinal roll, a continua- 
tion of the more pronounced monoclinal flexure, at least a 
mile of strata has been removed by denudation. 

The formations involved in these great orographic move- 
ments are the Carboniferous, Lower and Upper Trias, Jurassic^ 
Cretaceous, Laramie, and Tertiary. 

Sheet No. 7 of the Atlas will give us a further conception 
of the structural peculiarities of the country, but they are 
to a lai^e extent embodied in the section just described. 

The views of Mr. Gilbert and Capt. Dutton are that these 
gigantic displacements are simple uplifts. The monoclinal 
flexures are considered to be tension-flexures caused by the 
stretching of the strata in adapting itself to the greater 
length caused by the uplifting. 

They both point to the faults as being a usual concomitant 
of the uplifting. Capt. Dutton says there is a strict homo- 
logy of the faults with the monoclinal flexures, so much so 
that he considers it preferable to call a monoclinal a " modi- 
fied fault.^' The only difierence for structural purposes 
being that in a typical fault the simplest form of shearing is 
along one plane, while in a monoclinal the shearing lies 
between two planes.* 

Captain Dutton states that the true monoclinal is much 
more common in the sedimentary than in the volcanic beds. 

♦ Ibid. p. 26. 
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He attributes this to lack of flexibility in the latter, which 
prevents them undergoing differential distortion without 
fracture. In the sedimentaries the monoclinal is a common 
form of displacement, though trenchant faults are common 
enough. In the volcanics there is a tendency to a mono- 
clinal form^ but only one example of an unbroken mono- 
clinal. 

Mr. G. K. Gilbert * had previously given expression^ but 
in more detail, to somewhat similar views. He says the 
Colorado plateau is subdivided^ in the area examined^ by a 
system of East and West cliffs marking limits of successive 
strata. 

It is further subdivided by longitudinal North and South 
cliffs produced by faults. These faults are of great longi- 
tudinal extent, and of vertical or nearly vertical throw. They 
are manifested indifferently by fractures and by flexures of 
the visible strata. 

Mr. Gilbert considers we might, i priori, assume that the 
amoimt of flexure without fracture would depend on the 
nature of the rock and the rate of the movement. 

As a matter of fact, the most perfect arches are found in 
limestone and very calcareous sandstones, but they are not 
abruptly bent without partial rupture. Along the margin of 
the Kaibab plateau, which affords the best examples, the 
Upper Carboniferous Limestone has a convex curvature of 
from two to three miles radius. 

In the massive sandstones of the Trias he saw but a single 
instance of anticlinal curvature, at the north end of the 
Kaibab plateau, and in that the convexity, though sufScicnt 
to demonstrate their flexibility, is very slight. In the syn- 
clinal curves of the Paria and East Kaibab folds the sand- 
stone is seamed throughout as though it had been crushed 

♦ The Colorado Plateau System: Geol. Survey west of the 100th Meri- 
dian, vol. iii. See also the description of the Water-pocket monoclinal in 
the * Geology of the Henry Mountains/ pp. 11-14. 
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and reunited. '^ That we must regard the phenomena as of 
/ slow production, no one can doubt who considers that they 
include the curvature through an arc of 15 or 20 degrees of 
a massive sandstone 1000 feet thick " *. 

With a large part of this I am prepared to agree, but I 
would suggest that, in addition to the uplifting, there has been 
actual compression of the beds themselves. That beds, if 
sufficiently weighted with overlying strata, may be extended 
by a force acting from below I have already shown t (p. 168) ; 
but 1 am not prepared to admit that any surface rocks, 
however plastic, will admit of lengthening by tension to 
the amount required to produce a monoclinal flexure of a 
mile vertical. That the whole platform is due to a deep- 
seated uplifting force acting vertically, so far as the rocks 
within view are concerned, there can be little question. I am 
also of opinion that lateral pressure arising from the Earth's 
crust following a shrinking nucleus, even if we postulated 
sufficient shrinking, cannot account for the peculiarities of the 
phenomena. The material composing the platform 50 miles 
wide and over a mile high — a sectional area of 50 square 
miles — must be actually forced up from below and remain 
consolidated to produce this permanent feature of the Earth's 
surface — permanent until swept away by denudation. The 
lateral movement necessary to produce the flexures, even 
acting uniformly upon the whole thickness of the crust, would 
be insufficient to displace and lift up this enormous mass of 
material. 

If, however, we look at the phenomena in the light of 
cubical expansion, acting, as I have shown it would, with 
greater intensity from below, the explanation will I think 
cover all the described features distinguishing these plateaus. 

• md. pp. 56 & 57. 

t Since writing this I am pleased to find that Mr. Gilbert explains the 
stretching of the sedimentary arches over the laccolites of the Henry 
Mountains in a precisely similar way. 

Q 
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The Carboniferous limestone rocks are^ according to Gil- 
bert, the most perfectly flexed and moulded. They are the 
lowest and most weighted beds, and would expand the most 
of any of the series exhibited in the sections. The Triassic 
sandstones, being higher in the series, would expand less, 
and the Tertiary rocks at the surface would be unaffected. 
Consequently the lower rocks, expanding laterally, would 
be in a state of strain, fitting them to be moulded to the 
mass of rock forced up yertically from below from great 
depths. This lateral strain of expansion would grow less 
and less towards the surface, until the uplift would actually 
produce a tensile strain, gradually increasing until it reached 
its maximum at the surface. Capt. Dutton, as quoted, says 
that the Tertiary (the surface rocks) show little real flexure 
and much fracture ; these fractures he yery naturally attri- 
butes to the rigid nature of the rock. The rigidity of the 
rock is no doubt an important element where the lateral 
pressure is small ; Mr. Gilbert points this out in contrasting 
the greater flexibility of the Cretaceous shales overlying the 
Triassic sandstones. 

If we adopt this, as it seems to me, easy and natural ex- 
planation, the upper strata must necessarily be rent by the 
uplift. 

A proportioning of the lateral expansion to the undoubted 
vertical uplift, due to heating of the mass from below, will 
also readily account for the flexures running in faults, and 
vice versdy so graphically described by Mr. Gilbert, the natural 
flexibility of the rock being one element in the problem. 

There is no known case of an anticlinal perfect at its apex 
that has not originally been deep sieated, though it may, by 
denudation, appear at the surface. The elevation of moun- 
tains is a movement so exceedingly slow that their summits 
get worn away as they rise. 

From this cause alone we could hardly expect to behold a 
perfect anticlinal formed out of suiface rocks. There is 
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good reafion furthermore to believe that a continuous anti- 
clinal can only he formed out of beds weighted by overlying 
rocks. 

If the theory expounded in this work be founded in nature^ 
surface-rocks must^ when the tension exceeds their elastic 
limits be rifted by the uprising of the expanding strata from 
below*. These rifts enable the denuding agencies of chemical 
action^ rain^ and frost to act on the rocks with redoubled 
energy ; the area of surface open to attack is vastly increased^ 
and it is further well established by observation that the 
greatest erosion takes place at the edges of strata. This is^ 
I conceive^ the true explanation of the enormous mass of 
material swept away from the San Rafael Swell and irom the 
platform between it and the Wahsatch plateau. The upper 
beds have been rifted at the convex bend of the monoclinal^ 
and the strata eaten backwards and westwards into a series 
of escarpments. 

But as to the uplift. Where has all the mass of material 
forming the plateau^ having a sectional area of 50 square 
miles^ come from ? 

With the rise of the isogeotherm initiated by sedimeftt»> 
tion^ a cubical expansion of the crust below the plateau has 
taken place (p. 9). 

We have seen that this will give a vertical expansion three 
times that estimated by Babbage^ Lyell^ and others for 
similar cases (p. 114). 

The mass of deep-seated expanding rock in a practically 
plastic condition flowed upwards, its flow being determined 
by lines of weakness. The monoclinal flexures continuous 
with strike-faults indicate these lines of weakness; the 
flexures or fractures, as the case may be, have taken place 
along the weakest lines, and the whole platform has been 

• I find, by experiments on layers of clay divided by cloth, conducted 
ance this was written, that, even where all the layers are equally com- 
pressed from the ends, the upper layer of day is fractured by tension. 

q2 
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pushed np^ en bhc, between these lines bj the expanding 
matter from below. 

It is quite possible that some of the faulted strips of strata 
on the monoclinals may be normal or contraction faults^ 
downthrows after the main upheaval has taken place. 

Plate XXXIX. is a reproduction of some of the sections 
accompanying Capt. Dutton^s Report on the High Plateaus of 
Utah, and will serve to make the preceding descriptions 
intelligible to those who cannot consult the originals. 



PLATE XXXIX. 

Stfuciure-sections through the High Platetms, by Capt. C. E. Dutton, 
U.S.A. — Reproduction of Atlas Sheet No. 7 accompanying the Report on 
the Geology of the High Plateaus of Utah, 1880 : U.S. Geographical and 
Geological Survey of the Rocky Mountain Region, J. W. Powell in 
charge. 
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The Zuni Uplift. 

Not all the flexures of the Plateau region are monoclinal ; 
the Zuni uplift is an anticlinal or elongated quaquaversal. 
On eyery side the strata dip away from the axis^ and the soft 
formations that have been eroded from the dome now outcrop 
in a series of concentric elliptical belts. These formations 
are the Cretaceous and Triassic. The Carboniferous has 
yielded less to erosion^ and probably forms the whole surface 
of the northern half of the dome^ but at the south it has been 
broken through and Archaean rocks are actually exposed. 
As a mountain-range it is 45 miles long, 20 miles broad^ and 
about 3000 feet high. As a geological uplift^ it is 70 miles 
long, 35 miles broad, and 6000 feet high. A rough calcu- 
lation makes the volume of matter brought by the uplift 
above the original level surface, 700 cubic miles*. 

This range is extremely interesting as showing that the 
core is of Archaean rocks; not less so is the fact that the 
south-west side of the anticlinal, which is the steeper, con- 
tinues as the Nutria monoclinal flexure. May not the 
foundation rock of the Nutria fold be Archaean also ? and, if 
so, perhaps the same may hold good of the other monoclinal 
folds. These massive deep-seated rocks must have flowed 
upwards by circumferential compression, having its greatest 
intensity deep down in the bowels of the earth. The overr 
lying 35 miles in length of Carboniferous rock, if heated to 
600° P., would have a linear expansion of from 580 to 630 feet. 
The linear expansion on the longer axis of 70 miles would 
be from 1150 to 1260 feet. 

Considered as the arc of a circle, the anticlinal would on 
its shorter axis exceed its base-line by about 630 feet, but, as 
the sides are unequal, we may call it 1000 feet. 

• U.S. Geol. Survey West of the 100th*Meridian. Vol. iii. The Plateau 
Region — G. K. Gilbert. Portions of New Mexico and Arizona, p. 564. 
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Now it is quite evident that the simple expansion by in- 
crease of temperature to 600° F. of the rocks occupying the 
site of the mountain would enable the uplift to be made with- 
out fracture. The horizontal expansion of the platform on 
which it rests may have been relieved by the 'monoclinal 
folds. 

The upper beds of the elongated quaquaversal^ not being 
expanded^ would be fractured ; hence the denudation of the 
crown of the anticlinal^ and exposure of the Archseans. In 
all cases the crown of an anticlinal or the convex bend of a 
monoclinal would be most subject to fracture. The concave 
foot of either would, by simple gravitation, be more likely to 
maintain its continuity. 

An appeal to the sections so carefully worked out by the 
United-States geologists will strongly support this theory. 
It is quite evident that all such large anticlinals must be 
filled up by materials of the Earth's crust pushed up from 
below ; and I have shown that it is the result of cubical ex- 
pansion which will, under given conditions, produce an actual 
transference of material laterally or from a circumferential 
boundary inwards. 

The form that this flowing will take depends upon a good 
many factors ; and I think we are justified in assuming that 
true anticlinals, and plateaus bounded by monoclinals, are 
effects of one and the same cause. 

It is quite evident that if the material fonning the founda- 
tion upon which these platforms rest has been forced into 
the space by lateral expansion, it will, until removed by 
denudation, always form a feature of the country, even when 
the heated masses below cool down. We may establish as a 
broad generalization that the permanent features of a country 
are always the result in one form or another of actual trans- 
ference of material. 
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The Black Hills of Dakota. 

It may be well here to call attention to the very remarkable 
dome-like uplift called the Black Hills of Dakota. Their 
position may be seen on reference to the map (Plate X. 
p. 49). They lie partly in Wyoming, but mostly in Dakota, 
between the 103rd and 105th meridian W. from Greenwich, 
and between the 43rd and 45th parallels of north latitude, 
and they cover an area of about 5000 square miles. Sur- 
rounded on all sides by the comparatively unbroken sea of 
the Great Plains, they are entirely separated from the main 
chain of the Rocky Mountains, to which system, however, 
in character and structure they belong. The general geo- 
logical structure of the Black Hills is as follows : — Around 
a central area of metamorphic slates and schists containing 
masses of granite, representatives of the Potsdam, Carboni- 
ferous, Trias, Jura, Cretaceous, and Tertiary lie in rudely 
concentric belts of varying width, dipping on all sides away 
from the axis of the hills. From the hills outward the incli- 
nation of the beds is graduaUy lost in the rolling configuration 
of the plains. '' At numerous points also within the area 
of the Hills are centres of volcanic eruption of an age 
probably coincident with that of the elevation of the moun- 
tains themselves '' *. 

The geology of the Black Hills is an epitome of that of 
the Rocky Mountains. The axial core is of Archsean rocks, 
measuring about 60 miles north and south and 25 miles 
east and west. It is another great and striking instance, if 
that be wanted, of elevation by centripetal compression and 
vertical uplift f- 

• « Report on the Geology of the Black Hills of Dakota," by H. New- 
ton and W. P. Jenney, U.S. Geogr. and Geological Survey of the Rocky 
Mountain Region, 1880, p. 39. 

t In England, on a smaller scale, we have similar representations of 
the simple type of domical uplift. One of the most striking of these is 
the Woolhope dome. As first pointed out by Sir Roderick Murchison, 
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The Henry Mountains, 

It may not be out of place here to consider a peculiar type 
of mountain-structure which Mr. Gilbert has the merit of 
investigating and satisfactorily explaining. 

The Henry Mountains, unlike mountain-ranges, are indi- 
vidual dome-shaped mountains rising out of an elevated 
plateau. They are situated in Southern Utah in the meridian 
of 110° 45' and the 38th parallel. Fifteen miles to the west, 
and roughly parallel with a line drawn through the group, is 
the Water-pocket fold or monoclinaL 

They cannot be said to have a trend, being, a group of five 
individual mountains. The highest rise about 5000 feet 
above the plateau at their base, and 11,000 feet above the 
ocean-level. 

Mr. Gilbert shows very clearly that each mountain is a 
dome of strata arched up by the intrusion of a mass of por- 
phyritic trachyte. This intrusion began by a creeping of 
the igneous matter along bedding-planes and a rising up 
or tumescence by constant accession of molten rock from 
below. These massive dome-like cores Mr. Gilbert has named 
" laccolites '* (stone cisterns). 

There are in the Henry Mountains vertically two zones of 

the Woolhope district (Upper Silurian) ia formed of two concentric 
narrow ranges of hills, almost continuously enveloping a broad, almost 
ellipsoidal or, rather, pear-shaped dome. The longer axis is 10| miles, 
the transverse 4^ miles. The axis of figure of the district is N.N. W. and 
S.S J)., which in the southern part is coincident with the axis of eleva- 
tion, but in the north the axis of elevation is near the western border ; in 
consequence of this the dips are veiy rapid towards the west. The axis 
thus crosses at an angle of about 76<^ the general trend of the Silurian 
flexures throughout Britain, and is a striking proof of the centripetal 
character of the elevatory forces. The central dome is laid bare by 
denudation, and is about 684 feet above O.D., the exterior circle of hills 
ranging from 700 to 000 feet.— See *' The Malvern Hills " &c., by John 
Phillips (Mem. Geol. Surv. vol. ii. part 1, p. 160). 



WESTERN UNITED STATES. 233 

occurrence of laccolitcs. Some laccolites have intruded 
themselves between Cretaceous strata, others between Jura- 
Triassic, and others between Carboniferous ; from the highest 
to the lowest the vertical range is not less than 4000 feet. 
Mr. Gilbert considers that he has established a relation 
between the specific gravity of the laccolite and the level or 
zone at which it was intruded. Wtot of space prevents rae 
going into much further detail. For a study of these singu- 
larly interesting mountains^ I must refer my readers to the 
memoir.* There are, however, one or two points I would 
dwell upon which will help to further elucidate some of the 
physical principles involved in mountain-building. It affords 
me satisfaction to find that Mr. Gilbert here accounts for the 
extension of the strata over the dome by compressive extension, 
in a manner almost identical with that put forth in this 
work to explain the lengthening of the folded beds which 
has taken place in some mountain districts through the 
protrusion of Arch«an masses into overlying sedimentary 
beds t (p. 168) . 

The intrusion of these immense cisterns of molten rock 
must have communicated a considerable amount of heat to 
the overlying sedimentaries. 

I would add to Mr. Gilbert^s theory the horizontal radial 
expansion of the overlying rocks produced by this injection 
of heated matter. The superincumbent beds or shells would 
be assisted in adapting themselves to the growing tumescent ' 
mass below by their own expansion. Describing the Lesser 
Holmes arch :|:, he says the major part of its surface is com- 
posed of one bed, the Vermilion Cliff sandstone, broken only 
by erosion. '' Comparing the length of this bed in its present 

* * Geology of the Henry Mountains/ p. 82. 

t These mechanically identical views have been independently arrived 
St, as my explanations were penned before reading Mr. Gilbert's exposi- 
tion. 

X Ibid. p. 81. 
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carved form with the space it must have occupied before it 
was upbent, I find that in a distance of 3 miles it has 
been elongated 300 feet/' A rise of 1000° in temperature 
would expand a sandstone about 90 feet in 3 miles. From 
this we may see that the expansion of the bed and the 
tendency to arch up will help to initiate the dome-like form. 

A continual accession of heat from below^ by the molten 
rock rising through a pipe in the centre of the laccolite^ will 
intensify the tendency. 

Variations of temperature during the process of fillings 
and the increment of expansion at each change^ might also 
add to the efSciency of the expanding force. 

We cannot^ however^ assume that a bed^ the summit-curve 
of which is destroyed by erosion, was formerly perfectly con- 
tinuous unless we have other evidence. There is no doubt 
in my mind that the upper beds must have been rifted from 
the surface down to the zone of compressive extension. The 
depth of the rocks into or under which the laccolites have 
been intruded is given by Mr. Gilbert as Cretaceous 3500 feet, 
Jura-Trias 2930 feet (pp. 4-6)*. 

Mr. W. G. CoUingwood, in his ' Limestone Alps of Savoy/ 
published as the first supplement of Mr. John Ruskin's 
' Deucalion/ expresses the opinion, from careful personal 
study, that many of the anticlinal bends of the Alps have been 
broken at the apex (p. 129). There is much freshness in 
this interesting work, the author, ¥dth an artist's eye tor 
form, readily grasping the complex structure of the Alps 
and representing the extraordinary foldings with a firm and 
flowing hand. There are various ways of looking at nature, 
and geologists should not neglect the artistic, which I may 
add they are apt to do. 

• See " Miniatuie Domes in Sand," Qeol. Mag. Jan. 7, 1884, p. 20, an 
analogous phenomenon prodaced by air in wet sand. 
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FACZTS or THE FTLirEUr irSTJSM AND T3E 

GREAT BASiy. 

Both Ux. 'xiiberr ami Captain Dntton are o£ opiiuoii that 
the rauics xxrnrrmis aionjc tiie monociizxai d[exun» are a ooq- 
nnnatioiL )t these ipiifts juid doe :u die :}iuiie iotfx thiu ha* 
raised "rhe liateaua. 

CaDtain Dntton, liowever, -cnaxdedlv add* that it i* im- 
possible TO reU whether a iuit is due :o au uplift or a down-^ 
rhroir*. 

Doubtless this, in the present estate oi our knowledge, i* 
tme <)t oiost niuits. diou^n if the ^nend cousideraciou» laid 
betbre die reader in this work are o£ the value I acttich tu 
them, normal ranits are in most cases due to downthrows^ 

If. in tracing a tkoit tiirough neariv horizontal scraca^ we 
&id that tiie rocks at <jne ^de of the fault traced troiu the 
extremities «^ in the centre^ we may, I think, reasooably 
attrifante the fault ro a downthrow. If^ on the ooucrary, one 
aide remains horizontal and the other arches up ftvm the 
extremities along the fault-line to the centre^ we may oou« 
ader Lr an apthrnv^# If one dde i:» convex, along the line of 
fiinlt and the ijther concave, there prrjbably has beeu an uplift 
at one side, and a downthrow at the other. 

A little '2aat of the centre of the , Aq^uariusj plateau, a i^ult 
throws dowTi the platean west of it from <iOO to I<}00 feet. 

" This movement has produced a sag in the central part 
of the platean, but the altitude of the summit is nearly all 

* * mifii Plateaus of Utah/ p. '25. 



'-^^- '- 



Tinrii'jGL 



236 FAULTS OF THE PLATEAU SYSTEM 

regamed towards the west by a gradual ascent/' * '* This 
fault is comparatively recent for the most part^ and is pro- 
bably coeval with the other great displacements of the Pliocene 
Quaternary system/' 

The East Musinia fault Capt. Dutton does not include 
among the greater displacements^ though its length is pro- 
bably 45 miles ; and at one place in Gunnison Valley the 
shear reaches more than 2000, and possibly near to 3000 
feet. It is parallel to the northern portion of the Thousand- 
Lake fault, and the two hold between them the sunken block 
of Gunnison Valley, and the continuation of that block 
obliquely across the great Wahsatch monoclinal. '^ It ap- 
pears to be a very clear case of a block dropping through the 
drawing apart of the strata, and sinking to fill the gap thus 
produced. Another instance occurs along the western base of 
the Aquarius Plateau in the southernmost part of the Grass 
Valley. Here the block between the faults, instead of shear- 
ing sharply on both sides, has partly careened and settled 
down synclinally '* f. 

The Sevier fault is an interesting instance of the greater 
displacements. It makes its first appearance at "Pipe 
Spring,'* at the base of the Vermilion Cliffs, and presents a 
remarkable attitude. Approaching it from the west, the beds 
are turned down on the thrown (downthrow) side, and remain 
horizontal on the other. The beds 5 miles from the fault 
on the thrown side come back to horizontality at about the 
same levels which they occupy on the other side of the fault. 
Passing on to the base of the Paunsdgunt at Upper Kanab 
the beds on the thrown side are flexed upwards, while on the 
lifted side (east) they are horizontal. Further on the fault 
is stepped and here and there somewhat comminuted, but 
with one predominant shear, forming the western wall of the 
Fauns%imt Plateau. 

• ' High Plateaus of Utah,' p. 203. 
^ Ibid. p. 34. 
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From Hillsdale for 10 miles the throw is, about 800 feet, 
and then increases slowly but steadily for the next 60 miles. 
Along the east side of the Panquitch Valley it is very diffi- 
cult to study, because it cuts the volcanic rocks, which are 
much confused, and here is one of the great eruptive centres. 
At East Pork Cafion the thrown beds, consisting of volcanic 
conglomerate, are turned up monoclinally, but are sundered 
by the fault at the summit with a shear of 3000 feet. 

The maximum displacement is apparently attained a few 
miles south of the Mormon village of Monroe, and from that 
point northward it rather rapidly diminishes. Between 
Glenwood and Salina the apparent shear has become zero. 
But the circumstances are remarkable. The fault from 
Monroe northward is a secondary displacement superposed 
upon an older one. The zero point of the fault is quickly 
succeeded in the same line by a resumption of the shear, but 
in the opposite direction ; i. e. the throw north of the zero 
point is to the east, while south of this point it is to the 
west. The fault with its throw reversed now continues 
northward, crossing the lower end of San Pete Valley, 
and becomes the eastern wall of the San Pete Plateau, its 
shear increasing until it reaches nearly to Mount Nebo. The 
length of the displacement, so far as known, is nearly 220 
miles. 

This fault forms the western fronts of the Paunsfigunt and 
Sevier Plateaus, and the eastern front of the San Pete 
Plateau, and is probably a displacement due to uplift. 

The Hurricane fault is a great displacement, probably over 
200 miles, and it nowhere appears to take on the true 
monoclinal form. Its maximum throw is near Cedar on 
the western flank of the Mark£gunt, where it reaches on 
an average along 20 miles of its course about 5000 feet. 

From the Grand Canon northwards for 40 miles it is 
nearly a simple fault, though in some places it shows com- 
minution of the rocks in the vicinity of the fault plane, and 
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in a few places the beds on the thrown side are tamed np. 
Along the south-western base of the Markagunt the upper 
beds on the lifted side of the fault have been eroded back- 
wards^ and the lower beds have in several places been turned 
up with a sharp flexure and stand nearly vertical ; in one 
instance they have been turned past the vertical. This 
movement seems to be exceptional^ no other instance of 
the same kind having been seen elsewhere. The Carboni- 
ferous has been brought up by it so as to abut against 
the Tertiary on the thrown side of the faulty and right 
at the plane of shearing the displacement of the lower 
beds seems to be about 12^000 to 13^000 feet. But away 
from the fault plane the beds quickly come back to their 
normal position, with an uplift of about 4000 feet *. The 
sharp upward flexure of the lower beds can, it appears 
to me, be best explained on the supposition that flexures 
have been produced in the lower beds on a minor scale, by a 
pressure insufficient to develop them at the surface. The 
contortions have been brought to view by the uplift or down- 
throw, whichever it may have been. 

It is almost impossible, from the information at hand, to 
determine which of the faults are contraction and which 
expansion faults. When we consider the enormous vigour 
of the volcanic action which has taken place in Tertiary time 
continuing into the Quaternary, we may well assume that 
the isogeothermals during that time rose so as to affect an 
enormous thickness of the Earth's crust. The consequent 
cubical expansion has provided the material for building up 
this plateau system ; but the isogeotherms must have since 
sunk and be still sinking ; consequently, though the relative 
levels of the plateaus and the country on which they are 
based may be permanent, contraction must have set in^ 
followed by differential subsidence. 
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A study of Atlas sheet No. 7 ^, giving sections across 
several of the plateaus^ inclines me to consider the faults 
as there represented^ actual downthrows to the west ; if this 
he sQy they are normal or contraction ^faults. (See Plate 
XXXIX. p. 228.) 

Faulting in the Great Basin. 

Mr. Israel C. Russell has lately described the system of 
faults found in the Great Basin t> which will, I think, help 
us much in understanding faulting. The fracturing has 
affected the whole great area between the Sierra Nevada 
and the Wahsatch mountain-systems. The general trend is 
approximately parallel to the enclosing mountain-ranges, or 
north-north-east. The orographic blocks are long and 
narrow, sometimes in the ratio of 50 to 1 or even more. 

The average elevation of the area of displacement is about 
4000 feet above the sea, and from 3000 to 5000 feet below 
the enclosing mountain-ranges. 

Tlfe faults have fractured volcanic, metamorphic, and 
sedimentary beds alike, and have increased their displace- 
ment during the last few years. These orographic move- 
ments are still in progress throughout the Great Basin. 

The trend of the faults is nearly always to the thrown side 
and is usually steep, an inclination of 40P to 70° with a 
horizontal plane being most common. They are irregular 
with reference to both horizontal and vertical planes, and 
are frequently curved ; where the larger faults branch, the 
branches are usually on the thrown side. '' The tilted blocks 
occupy more horizontal space than they did before the faulting 
took place/' J 

* Geology of the High Plateaus of Utah. 

t " A Geological Reconnaissance in Southern Oregon." Fourth Annual 
Report of the U.S. Geological Survey, 1882-83. 
t P. 452. 
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The displacement^ so far as present observations extend^ is 
by simple faulting, never by flexing. 

The present topography of the Great Basin has been 
imposed upon a far older structure^ in which plication was 
one of the principal elements. 

Mr. Russell is clearly of opinion that these faults are due 
to downthrows, not uplifts. Though I cannot agree with his 
view that the movements are in any way related to the " tan- 
gential strain acting on the borders of the Great Basin, 
while the interior region subsided/' I fully accept his opinion 
that the faults are downthrow faults. According to my view, 
no downthrows could take place while a region was subjected 
to great compressive strain. It is when these have ceased 
and contraction has set in that blocks of the strata subside 
(see Chap. VIII.) . The strata could only be extended in a 
horizontal line in the way these are extended, either by the 
wedge-like blocks of strata forcing out the buttressing por- 
tion of the crust on either side, which is improbable^ or by 
contraction opening a gap into which the blocks may afljust 
themselves, in contact, by subsidence. 

An apparent extension might take place when the area 
affected by faulting really contracts. 

If the blocks have varying inclinations or hades in the 
fault planes they will, on contraction, subside so as to still 
seal up the openings and leave no fissures ; they would in 
this way appear to have extended to fill up a larger space, 
whereas they have really contracted and settled down in a 
wedge-like form to fill up the same space. 

That faulting having a considerable inclination to the 
downthrow could take place by " lifting ^' seems to* me highly 
improbable. 

Consider what it means : — 

Let A B (Plate XLII. fig. 3, end of book) represent faulted 
strata, C being the downthrown side and ef the inclined 
throw. It follows, if produced by uplift, that the strata on 
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either side must be compressed to the extent of the horizontal 
distance g h. 

To produce this compression we have the wedge-like action 
of the block D against the block C. 

Those who hold this view^ and it has been well explained 
by Jukes ('Manual of Geology/ p. 233, 1859), maintain that 
it is the superior area of the base of the block D that enables 
an uplifting force to affect it more than the block C. I 
contend, on the contrary, that the two blocks with such an 
inclined firacture would be nearly equally affected ; that it 
would be easier to lift C pari passu with D, though the area 
of the base be smaller, than to produce the necessary amount 
of compression which the greater uplifting of D would 
demand, even if the fault were in existence. 

When we appeal to nature we find that there are, excepting 
occasionally in the immediate vicinity of a fault, no sims 
of any such compression in connelon with a system of 
faulting where the hade is towards the downthrow. 

If we accept the proposition that uplifts, plications, and 
reversed faults are due to expansion caused by a local acces- 
sion of heat to the part of the Earth's crust so affected, it 
follows naturally that on a dissipation of that heat the strata 
must readjust themselves to meet the diminution which takes 
place, not only on horizontal planes, but in the foundation 
in bulk. Here lies the true explanation, which readily and 
naturally explains the subsidence of the block with the lesser 
base, together with the step-faulting that often follows the 
subsidence. I have indeed some doubts whether step-faults 
are ever produced by uplifts. (See Plate XV. p. 101, and 
Plate XVI. p. 106.) 



CHAPTER XIX. 

UINTA MOUNTAINS. 

These mountains are remarkably interesting as exhibiting a 
simple and original type of structure. Prof. J. W. Powell, 
in his instructive " Report on the Geology of the Eastern 
portion of the Uinta Moimtains/' * goes very fuUy into the 
various types of mountain-structure, classing the Uinta 
Mountains as a '' Primary topographic form.^' 

It is a form intermediate between the true anticlinal and 
the monoclinal plateau, that is a '' Plateau with rounded 
summit and abrupt shoulders on the flanks.'^ f 

We may therefore look upon the Uinta type as a flat arch 
springing from monoclinal flexures. 

One of the remarkable features of this range, before 
pointed out, is the direction of the axis, which is east and 
west, or at right angles to the general trend of the ranges 
of the Western Territories. 

It is over 150 miles long and is 50 miles wide. The axis 
is not a straight but a sinuous Une. From the axis on either 
side the beds are flexed in a gentle curve to the north and 
south for many miles, imtil the flanks of the range are 
reached, where the beds are seen to drop down by abrupt 
flexures or faults, and these lines of maximum displacement 
are subparallel with the axis. In some places this block was 
severed from the adjacent country by fracture ; in others 

* U.S. Geological and (Geographical Survey of the Territories, 187G. 
t Ibid. p. 21. 
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by more or less abrupt flexure, and it was itself flexed gently 
from the axis on either side *. 

Prof. Powell estimates that its axis has been lifted above the 
level of the adjacent country about twenty-five thousand feet, 
or thirty thousand above the sea. On the north side, on the 
line of greatest flexure, is a fault in one place having an esti- 
mated throw of twenty thousand feet. On the south side the 
line of greatest flexure is very irregular, being complicated in 
some places by faults having uplifts opposed to the down- 
throw of the flexure. On either side the great displacement 
is partly by faulting, partly by flexing, and either flank is a 
zone of diverse displacement, where the strata are faulted, 
flexed, twisted, and contorted in many ways f. 

Taking the area of the eastern portion of the Uinta Moun- 
tains (represented on Plate 2 in the accompanying Atlas) at 
2000 square miles, there has been about 7100 cubic miles of 
rock removed by denudation, or about a mean of 3^ cubic 
miles to every square mile of surface %. 

One of the most remarkable facts connected with this 
range is the extraordinary planing down which it has under- 
gone, though the uplift began as late as Cretaceous times. 
So much so is this the cas^ that the Green River cuts into 
it transversely from the north, then swerves to the east> 
following the axial line along Brown's Park, then turning 
south and again flowing westward over the Yampa Plateau, and 
thence over the Eocene beds southwards. ' The Eastern end 
of the Uiutas has an irregular quaquaversal dip, being com- 
plicated by the folds of the Yampa plateau. At the extreme 
eastern end is Junction Mountain, a small anticlinal with a 
north and south axis. The western end of the range ter- 
minates against the Wahsatch Mountains. 

Prof. Powell looks upon the whole range as a direct uplift, 
and considers the faults as flexures broken during the liftintc- 

* Loc. ctt. p. 177. t P. 12. X P- 181. 

r2 
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There seem very strong reasons for this view, but to my mind 
not entirely conclusive ones. The explanations leave lateral 
pressure entirely out of account. After a careful study of 
the excellent sections and maps, and the extremely lucid and 
systematic explanation, it appears to me that lateral pressure 
has accompanied the uplifting. It is otherwise difficult to 
explain the anticlinal and synclinal flexures, and especially 
those of the Yampa Plateau. Nor does it seem probable 
that the main range is due alone to simple distension, which 
would be the case were it an uplift only. 

Again, Junction-Mountain anticlinal points to lateral com- 
pression, acting in the direction of the main axis of the 
Uintas. 

I feel very great diffidence in suggesting an explanation 
in some respects different to that adopted by Prof. PoweU, 
who has studied the structure so carefully on the spot, as 
in the main I cordially agree with his views. Still the 
suggestions of a mind coming fresh to a consideration of 
the subject may have some value. 

The displacement in ttmss is doubtless mainly due to a 
deep-seated force affecting the underlying rocks as an uplift. 

According to Powell the movement commenced at the 
close of the Point of Bocks period * (Cretaceous period) ; 
since then there has been a great deposit of Tertiaries in the 
surrounding region, and it is inferred that the Bitter Creek 
group represents the old shore-line established by the upheaval 
of the Uinta Mountains f. 

Eastward from the Oreen Biver the beds of this group 
rapidly thicken out until at Bichard^s Peak they reach over 
5000 feet, with a great development of conglomerate at the 
base. Bichard^s Peak itself is a monoclinal ridge of this 
conglomerate. 

If this be a true history of the structural geology of the 

♦ Loc eit. p. 173. f P. 162. 



^ 



TERRITORIES. 





'I 



-js^ -yw" 






UINTA MOUNTAINS. 246 



ELATE XL. 

Stntetnre Mctum throuffh the Uinta Mourdains^ reproduced from 
Plate 1.; Atlas Sheet accompanying the '' Report on the Geology of the 
Eastern portion of the Uinta Mountains^" by Prof. J. W. Powell^ U.S. 
Geologicfil and Geographical Survey of the Territories, 1876. The groups 
are numbered in ascending order. 



r 1. Red Creek Quartzite. 
I 2. Uinta Group. 
Paubozoic<J 8. Red Wall and Lodore Groups. 
I 4. Lower Aubrey Group. 
[ 5. Upper Aubrey Group. 



6. Fl^ng Gorge White Clifi; Vermilion Clifi; and 
I 8. Salt-wells group. 



re. „__. _.. 

I Shinarump Groups. 



Mesozoic -^ 7. Sulphur Creek and Henry's Fork Groups. 

8. Salt-wells group. 

9. Point of Rocks group. 

riO. Bitter Creek group. 
J 11. Lower Green River group. 
Cainozoic < 12. Bridger and Upper Green River groups. 
13. Brown's Park group. 
^14. Bishop Mountain group. 

The planes of sections are parallel and equidistant, 6 miles apart. The 
base lines represent the level of the sea. The length of each section is 
57 miles ; the vertical and horizontal scales being the same. 

The formations in the region of country embraced in the map accom- 
panying the report have an aggregate thickness of 50,000 ft. (Preface to 
Report, p. iii.) 



i 
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district, it is evident that the degradation of this enormotu 
uplift went on throaghout pan passu with the upheavrJ. 
There were therefore two agencies at work tending to re- 
duce the enormous difTerence of level which otherwise would 
have occurred between the mountain and its platform, 
—denudation of the mountain, and the filling up of the area 
around it with the deposit therefrom. No explanation 
which does not take account of the passage of the Green 
Eiver across the range as before described, can be fully 
satisfactory, for as the inception of the uplift began bo late as 
the Cretaceous, ending with a total rise of 25,000 feet above 
the surrounding country, the river must be of later age than 
the mountain, for it is evident it could not begio to flow across 
it from the surrounding sea. The valley of the Green River 
in Brown's Park, eroded out of the Uinta sandstone, is at a 
tower level than the Tertiary deposits flanking the downthrow 
to the northward. It is quite likely that the whole plat- 
form has been formerly at a higher level more favourable 
to rapid erosiou. The axis of the anticlinal being ruptured 
in the upper beds by the uplift (see Plate XXIII. fig. 2, 
p. 173), the drainage of the interior region of the mountain 
baa partly followed that line, lowering it rapidly into a gorge- 
like valley, which in time, as the base-level of erosion was 
reached, became wider. The form of the valley, situated as 
it is on the axis of upheaval, leads me to doubt if the upthrow 
was principally effected by faulting. We should hardly 
expect to find the axis of upheaval or apex of the curved 
strata so near a fault, if the fault were a shear caused by 
the same movement. Still less should we expect the line 
of erosion to follow so near this fault cliff. The very rapid 
curvature downwards of the Uinta sandstone, shown in sec- 
tion 8 (Plate XL. p. 245) at O-wi-yu-kuts, favours the idea 
that there has been rapid flexure where the fault now exists ; 
and 1 would suggest whether another reading of the sections 
might not give us a flexure approaching the vertical, like 
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that shown near Henry^s Fork on section 3^ and the Yampa 
Plateau, section 8. The denudation of this flexure, and 
superimposed faulting, would thus account for the total 
uplift without resorting to a shear of 20,000 feet. 

The fault at the north side of the Yampa Plateau (section 8) 
is evidently to my mind an actual downthrow to the north, 
giving a general tilt to the mass of the Uintas southwards. 
By analogy of the usual succession of such faults, we may 
look upon the fault on the northern boundary of the Uintas 
as also a real downthrow of the strata on the north side. 
This fault is shown in sections 7 and 8 (Plate XL.)> and 
more decidedly in Section 9 of Atlas Sheet, plate 1, as 
shearing the Bitter Creek group (Tertiary beds) immediately 
overlying the Point of Bocks group, although the former 
are assumed to have been laid down after the uplifting 
began. It seems to me more consistent with the facts, as 
represented, to look upon this fault as a downthrow along 
the line of weakness caused by the previous uplift flexure. 

The re-deposition of the matter degraded from the Uintas 
would aid the downthrow, while at the same time tending 
to keep up the general level of the country. Since then the 
whole country to the north has increased in elevation, suffer- 
ing in its turn elevation after deposit. 

It is possible that there may even have been, to some extent, 
an after uplift of the newer strata to the north, along the 
line of the old fault. In this way we may account for the 
Green River having worked its way back through the Uinta 
uplift until it received the drainage of the newer territory 
beyond to the northwards. The history of the Uinta uplift 
is one of very great interest, and 1 offer the foregoing merely 
as a tentative explanation. 



CHAPTER XX. 

VOLCANISM IN THE HIGH PLATEAUS. 

The Plateau province has been the scene of volcanic activity 
from the middle of the Eocene to ahnost the present time. 
Between the commencement and cessation of that activity 
the eruptions have been intermittent. There have been long 
periods of repose^ during which the subterranean forces 
were only gathering strength and material for fresh out- 
breaks. 

The oldest rocks having an irruptive origin are tufas. 
They are in this district stratified water-laid rocks of arena- 
ceous texture^ sometimes marly or even shaly ; their materials 
being derived almost entirely from the decay of lavas. 
Whether the lava-sheets^ which by their decay yielded the 
clastic materials for these rocks^ remain buried beneath the 
later immense outpourings^ or have been wholly dissipated, it 
is impossible to say. The tufas must be referred to the latter 
part of the Eocene. 

The oldest massive rocks of volcanic origin are only found 
in a few places where faulting or great erosion has taken 
place. These propylitic masses have been much degraded by 
erosion before being covered by the later andesites. Two 
exposures^-one situated in the grand gorge of the Fish-Lake 
Plateau^ and the other in the deepest ravines of the Awapa^ 
near the Aquarius — ^have disclosed them beneath nearly 
3000 feet of trachytes. 

The homblendic andesites succeeded the propylites^ with 
apparently a long interval between them. They were erupted 
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firom the same localities^ or from vents in the immediate 
vicinity. The mass of these rocks now exposed is greater 
than that of the propylites^ and the lavas are considerably 
more varied in texture and appearance. 

The real magnitude of the andesitic extravasations is 
shown by the great bulk of the conglomerate derived from 
their ruins. 

The third epoch of activity was by far the grandest of all^ 
and is marked by the extravasation of trachytic masses alter- 
nating with augitic andesites and dolorites. Along interval 
separated these eruptions from the previous andesitic out- 
breaks^ for the andesitic rocks were extremely degraded by 
erosion^ and the conglomerates formed before the earliest 
outpours of true trachyte. 

The area of activity was greatly extended in the trachytic 
age ; new volcanoes opened and poured forth immense floods^ 
which became so vast as to overwhelm the greater part of the 
district^ generating a new topography. 

The basalts^ the youngest of the eruptive rocks^ in their 
localities of eruption show a tendency to abandon those parts 
of the district which had been seats of the grander and 
earlier periods. A large number of basaltic streams have 
emanated from the walls of the plateaus. 

In the western wall of the Paiins&gunt this is the case. 
In the great majority of cases the vents stand near faults^ 
but, curiously enough, mostly break forth on the lifted side, 
and very rarely on the thrown side of the fault ''^. 

Capt. Button, from his extensive study of the volcanic phe- 
nomena of this region, arrives at this conclusion : — Volcanic 
phenomena are brought about by a heal increase of temperature 
within certain subterranean horizons. 

There are, according to Capt. Button, two systems of dis- 
placement, the earlier occupying an interval of time between 

• * High Plateaus of Utah/ pp. 55-62. 
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the Mesozoic and the Tertiary *. These consist of a series 
of monoclinal flexures, each perfect in form, which trend 
from north-west to north-north-west. They involve the 
Mesozoic beds, but not the Tertiary. They come up from 
the south-east, and disappear under the Aquarius Plateau, 
and on the southern and south-eastern flanks are laid bare 
by a vast erosion. 

The Echo-Cliff flexure, the Water-Pocket flexure, one of 
the grandest monoclinals of the west, and the Sau Rafael 
flexure, all monoclinal flexures of imposing dimensions and 
perfect form, Capt. Dutton considers go far back in Tertiary 
time, and possibly are pre-Tertiary. Mr. Gilbert believes the 
Water-Pocket flexure belongs to the interval that separates 
Tertiary from Cretaceous time. The Echo-Cliff flexure is 
probably much younger. None of them appear to have any 
sympathy with the Pliocene-Quaternary faults of the High 
Plateaus f. 

The great displacements represented by the main flexures 
and faults bounding the High Plateaus Capt. Dutton places 
about the middle of the Pliocene, judging from the small 
amount of erosion to which their displaced edges have been 
subject. 

But, while comparatively recent, some are older than others. 
The two Kaibab faults seem to have undergone part of their 
shearing before the principal epoch of displacement. 

The Sevier fault shows signs of two epochs of activity in 
some portions of its extent. 

Between Monroe and Gunnison the flexure is clearly older 
than the fault that cuts it. 

The Musinia faults cut obliquely across the great mono- 
clinal of the Wahsatch Plateau, and show little sympathy 
with it. 

The Paunsagunt fault, meeting withihe northern extension 

* Ibid. p. 44 t Ibid. p. 45.' 
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of the East Kaibab flexure, is plainly independent of it, and 
is decidedly younger. Capt. Dutton remarks it as a curious 
circumstance that where we find this two-period displacement 
the motion of the fault is often reversed, the lift of the first 
period is the throw of the second. He believes this to be 
true of the majority of the cases where the double movement 
has been detected. 

This last information is of a most interesting nature, and 
strongly tends to confirm the views set forth in this work. 
When, as we find, there have been three periods of activity 
and three of rest, it must be very difficult to assign to each 
its particular effects of displacement — one displacement being 
superimposed upon another. 

Compression flexures initiated in one period may be 
increased in another. Contraction-faults of one period may 
be crushed up by the expansion of the rocks during the next 
reign of volcanic activity. When we find that the latest and 
greatest movements, those that can be most easily studied, 
show during the active volcanic period great flexing and 
uplifts, it is what our theory would predicate. When we find 
that the faults imposed on these previous flexures show 
downthrows where there had before been uplifts, we say that 
this also is in accordance with the theory enunciated, and 
that they are due to contraction. 

I have given perhaps an undue space to the discussion of the 
problems pointed out by the Plateau-system. It is, however, 
here that we see the latest phases of mountain-building — 
so late that its efiects are not obscured by wide-spread 
waste. 

That the faults of a mountain-system are, as a rule, later 
than the flexures which accompanied the mountain-building 
I hope to establish as a wide generalization ; the fact is much 
more patent in the older systems than in this. 

We thus have impressed upon us the conviction that a great 
mountain-system is not the result of one continuous action. 
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but of successive efforts^ in each of which efforts there is an 
elevation accompanied by more or less lateral compression and 
an after-faulting and subsidence. The uplift^ as well as the 
subsidence^ is differential, and, together with denudation, 
serve to model the ground. On the whole, the uplift is 
considerably in excess of the subsidence within the immediate 
area of the range. This is due to permanent displacement 
of material from imder the surrounding areas deep down in 
the Earth's crust. In the areas from under which the 
materials were laterally extended by expansion, the subsidence j 

will eventually be in excess of the uplift. But this is a 
point that needs further investigation. 






I 



Note. — Prof. Joseph Le Conte, in a most interesting paper 
entitled "A Post-Tertiary Elevation of the Sierra Nevada 
shown by the River Beds,'' published in the September 
number of the * American Journal of Science' (1886), 
appears to have arrived at somewhat similar views to those 
enunciated in this chapter; he says (p. 178) : — '' But after the 
crust has again become rigid, bodily movements of a some- jj 

what different kind, and the cause of which we rtiU very im- ! 

perfectly understand, give rise to fractures which by gram- 
tatwe settling produce normal faults so common everjrwhere. 
It is certain that the great normal faults which characterize 
the Basin region, among which must be counted the Eastern 
Sierra fault and the Western Wahsatch fault, were pro- 
duced in this way long after the erogenic crumpling had 
ceased. It is certain, also, that the prodigious faults which 
characterize the Plateau region, where there was no orogenic 
crumpling at all, were formed in the same way." 



CHAPTER XXI. 

THE CONNECTION OF VOLCANIC ACTION WITH 

MO UNTAIN-B UILDINO. 

Volcanic phenomena have received very early attention from 
geologists. The effects are so striking^ so fraught with 
interest and danger^ as readily to seize upon the imagination. 
Although there had been^ from Spallanzani in 1788 to Scrope 
in 1825^ many illustrious observers of volcanic phenomena, 
the latter geologist was the first to frame a systematic theory 
of volcanic action. Since then there have been many inves- 
tigators, and Prof. Judd of late years has added much to our 
knowledge of the subject *. 

The connection of volcanic action with mountain-building 
has not^ however, received so much consideration as the 
structure of volcanic cones, the mode in which they are 
built up, their intermittent activity, and the causes which 
have given them birth. 

In saying this I am not losing sight of the enormous 
amount of work which has been done by geologists in map- 
ping ancient lava-flows, or the discovery and masterly inves- 
tigations by Prof. Judd of the basal wrecks of the volcanic 
cones of the Hebrides. Nor am I insensible to the valuable 
and still earlier work of Ramsay and Jukes in the Snowdonian 
range, nor to the complete and magnificent way in which the 
relative ages of the interbedded volcanic rocks of this com- 
plicated region were worked out by them. 

To enumerate all the workers in this branch of Geology 

* '' ContributioDB to the Study of Volcanoes," GeoL Mag. ; ' Volcanoes.' 
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would be but to give a list of the most distinguished geologists 
of the latter half of the century. 

That volcanic action was energetic at the commencement 
of the so-called *' periods " into which, for purposes of classi- 
fication, it has been necessary to divide the geological history 
of the Earth, has been noted by many, and especially by 
Prof. Judd. 

It has also been observed that volcanic action has ever been 
present during the building of mountain-ranges. In the 
earlier days of geological science the general connection 
between volcanicity and the upheaval of mountains was seen, 
and was looked upon as cause and effect. The keen eye 
of Button early discovered the general connection between 
the two phenomena. The leading idea underlying his theory 
of the Earth appears to be that of an uplifting of the strata 
by heat and volcanic action, and its waste by denudation. 

The first part of the theory he founded largely on gene- 
ralities ; the latter half, to his lasting fame, he established 90 
years ago almost as clearly as it exists at the present day, 
though several succeeding generations of geologists failed to 
comprehend it. 

He sums up his facts in this way : — " The Earth, like the 
body of an animal, is wasted at the same time that it is 
repaired. It has a state of growth and augmentation ; it has 
another state, which is that of diminution and decay. This 
world is thus destroyed in one part, but it is renewed in 
another ; and the operations by which this world is thus con- 
stantly renewed are as evident to the scientific eye as are 
those in which it is necessarily destroyed/^ * Intrusions of 

* 'Theory of the Earth/ p. 562. The comparison of the gradual 
growth of the structure of the Earth to the growth of organic beings is 
an analogy which has impressed many ndnds. Prof. Richard Owen, late 
of the University of Nashville, in his ' Key to the Geology of the Globe' 
(1857), bases his conception of the processes of Physical Geology on the 
analogy between the laws governing the inorganic universe with " those 
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melted rock and expansion by heat are given as part of the 
renewing activities^ but necessarily only in a very general 
way. Since the tremendous folds of the Alpine system have 
been measured and drawn^ it has been more usual to look upon 
the uplift of mountain-ranges as caused by lateral pressure^ 
due to the shrinking of the Earth's nucleus^ as already ex- 
plained. Volcanic forces have therefore been relegated to the 
position of secondary phenomena in connection with the ele- 
vation of mountain-chains^ and even according to Mallet's 
theory they are of secondary origin everywhere. 

I trust I may be able to show that^ however crude and 
obscure the earlier ideas may have been, there is a strong 
basis of truths in the relation between volcanicity and moun- 
tain-building as cause and effect, in the way imagined, though 
very imperfectly explained, by Hutton. 

There are no known mountain-ranges in which volcanic 
phenomena have not played an important part. There have 
also been at various geologic ages, and in different parts of 
the Earth, great displays of volcanic activity accompanied by 
the pouring out of immense floods of lava without the up- 
rising of anything that could be properly called a mountain- 
range. 

It would appear that when the lava has foimd vent at the 
surface, and spread itself over immense areas in massive beds, 
as in the Deccan in India, mountain-ranges have not been 
formed. 



governing the development of organic bodies." Prof. J. D. Dana appears 
also much impressed with the similarity between the growth of a con- 
tinent and that of an organism. So long as these analogies are not 
pushed too far, they may be considered an aid to the understanding of the 
phenomena of the Universe. Sir William Dawson, in his late interesting 
Presidential Address to the British Association, says : — " We cannnot, I 
think, consider the topics to which I have referred without perceiving 
that the history of ocean and continent is an example of progressive 
design, quite as much as that of living beings." 
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In true monntain-cliams interbedded volcanic rocks are 
common enough^ and have formed part of the material the 
folding and elevation of which has fom^ed the chains. 

Volcanic orifices have been broken through old denuded 
rocksj and lava has been poured out over them both on the 
sea-bottom and on the land. The former, according to 
Darwin, was the beginning of the Andes, and the latter 
happened in the Deccan. 

Are these great facts accidents, or are they susceptible of 
an explanation ? It seems to me that they are explicable, 
and that they help us considerably. 

Let us go back and reconsider the proposition that we 
started with, viz., that at or about 30 miles from the surface 
the rocks have such a temperature that if transferred to the 
surface they would assume a molten condition. 

What the precise behaviour of rocks at that tempera- 
ture and under these conditions of pressure would be we can 
only surmise ; probably they would act as plastic solids. 

Let us now assume that 5 or 6 miles of new rocks have 
been laid down upon the old, and that the isogeotherm of 
fusion has kept gradually rising. In the course of time the 
rocks, both new and old, would attain a temperature sufficient 
to produce movement by expansion; the strain would keep 
increasing in intensity until this took place. Whatever move- 
ment took place in the upper rocks would be followed by 
that of the mass underneath. Not only would the rigid 
rocks cubically expand as already explained, but the plastic 
mass below, kept solid only by pressure, would be exerting 
itself against its boundaries in all directions, so that when 
relief came by uplift it would insinuate itself among the 
newer strata in a 'semi-fluid state and eventually find its 
way to the surface, and assume a molten form. 

It seems to me that unless the matter which is molten at 
the surface is solid at its origin, it is impossible to formu- 
late a satisfactory explanation of volcanic phenomena. For 
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example^ many excellent geologists of the present day, feeling 
the difficulties besetting the secular contraction hypothesis, 
have suggested the existence of a fluid zone between an 
upper rigid crust and a solid nucleus, to aid them in account- 
ing for the elevations and subsidences that have taken 
place ^. 

I am quite aware that this is a very imperfect account of 
their views ; and I only mention them here to illustrate the 
difficulties such a fluid zone presents to my mind in ex- 
plaining volcanic phenomena. 

It seems to me as certain as anything in Hydrostatics that 
if such a zone of melted fluid rock existed, it could only 
be forced up to the surface from its specific gravity being 
inferior to that of the solid crust above. 

There also seem no obvious reasons why it should rise in 
one place on the Earth^s surface rather than another, and 
least of all through the thickest strata to the highest pointi. 

If, however, we look upon the heated rocks as practically 
solid, acting under expansive strains caused by the rise 
of temperature, we at once see why volcanic phenomena 
always accompany mountain-building. The greater the 
weight to be overcome, the more the expansive strains will 
accumulate until relieved by the movement of the rocks 
above. 

It is then that the compressed matter insinuates itself 
into the rocks above^ and, rising to the surface in dykes and 
fissures, establishes itself in volcanic cones. The two pheno- 
mena are co-related, being manifestations of one and the 
same cause. 

As the exuding rock nears the surface, it becomes molten^ 
and acts as an imperfect fluid. It is in this way that sheets 

* Sir William Dawson, adopting this h3rpoihe8i8y considers that there 
are in this fluid zone (likened by him to a " thin pulp *') " two layers, an 
inner, more dense and dark coloured, and an outer, less dense and lighter 
coloured '' (Presidential Address, British Association, 18S6). 

s 
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of igneous rocks are forced in along the bedding planes of 
the newer formations. 

As the cones are built up on the rising range, the lava has 
to aacend higher and higher before it can find vent. The 
weight of the column of molten rock eventuallf exceeds the 
weight of another column of the sedimentary mass. There 
will be a particular zone, where the two will balance each 
other. 

Below that zone the column of solid rock will exceed in 
weight the column of lava in the pipe of the volcano, and 
therefore the rocks at a certain depth remain unaffected by 
intrusion in this form. Above that zone the lava-column 
will outweigh the solid column of the surrounding rockj 
consequently it will he seeking weak places, which, when 
found, intrusion will follow. When once intrusion begins, 
the superincumbent rocks will be lifted ; and in this way the 
curious transferences of the intrusive sheet to other bedding- 
planes, which we know has often happened, may take place*. 

Deeper down in the earth the expanding semi-fluid rock 
may intrude itself, and cut into surrounding strata by expan- 
sive force. In cases where the lava does not reach the surface, 
the same may happen. 

It is thus seen how volcanic effects may be confined to 
a particular and well-marked region. If there were a fluid 
cushion on which the Earth's solid crust reposed, the crust 
would be in a constant state of unstable equilibrium, an 
improbable condition when we think of the undoubted seons 
during which portions of the Earth's surface have remained 
stable. Such, for instance, as was the case in the Penin- 
sular area of India. 

The existence of volcanoes in proximity to each other, such 
as Mauna Loa and Kilauea, with lava-columns of unequal 
height, can he readily explained if , as I have su^ested, the 

* Thii is 0» case with the Great Whin SilL 
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columns of lava as they descend become less and less fluids 
until approximate solidity is reached. 

The far-famed Kilauea is an elliptical pit three and a half 
miles by two and a half miles^ surrounded by cliffs varying 
in altitude from about 300 feet to 700 feet * The level of 
the lava in this cauldron is about 3500 feet above the sea. 

The summit of Mauna Loa is a broad platform about five 
miles by four, within which is sunk some 600 to 900 feet the 
great Caldera called Mokuaweoweo. 

The surface of the platform is riven with small faults and 
cracks, and piles of shattered rock are seen on every hand. 
Nowhere is to be seen the semblance of a cinder cone. 
Many eruptions must have broken forth from the various 
fissures in this summit, but only here and there can insigni- 
ficant traces of such catastrophes be distinguished. The 
absence of fragmental ejecta is extraordinary. The scattered 
blocks which everywhere cumber the surface appear to have 
resulted from spontaneous shivering of the lava-sheets by 
internal tension as they cooledf. The lava-beds in the imme- 
diate vicinity of the brink upon the summit platform wear 
the aspect of some antiquity. They have become brown and 
carious by weathering, and although no soil is generated, little 
drifts of gravel are seen here and there mixed with pumice. 
Since the Caldera was formed, there is no indication that the 
lavas have anywhere overflowed its rim. Yet it is a strange 
fact that within half a mile, and again within a mile and a half, 
lavas have been repeatedly erupted within the last forty years 
from the summit platform /rom 700 to 900 feet above the level 
of the lake within. The level of the summit-platform is 13,760 
feet above the sea. The habit of Kilauea as well as that of 
Mauna Loa, and many other volcanoes, is to discharge its lavas 
at levels much below the summit of the main hydrostatic 

• " Hawaiian Volcanoes," Capt. C. E. Dutton : Fourth Report, Geol. 
Survey of U.S., p. 104. 
t Ibid. p. 139. 

t2 
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column in the central orifice. Capt. Dutton does not consider 
the Calderas have been formed by explosion^ as is the usual 
explanation. 

In a line extending nearly eastward from the Caldera of 
Eilauea is a continuous chain of pits and craters reaching 
quite to the sea-coast near the eastern extremity of the 
island. Along this line it is apparent that from time to time 
through the past centuries fissures have opened^ disgorging 
lavas and building cinder-cones. The last eruption occurred 
in the year 1840, and was of great magnitude. It first 
manifested itself in an open crack about 7 miles to the east- 
ward of Kilauea, when a small quantity of lava overflowed. 
At farther points eastward small quantities of lava burst 
forth. The main eruption broke out about 12 miles from the 
sea-coast, and about 25 miles east of Kilauea, and an enor- 
mous mass of lava was outpoured. It spread in a stream 
nearly 3 miles wide, and reached the ocean at Nanawale*. 

It seems evident from the preceding facts, so well stated 
by Capt. Dutton, that there can be little or no hydrostatic 
connection between the lavas in these various orifices. If a 
fluid connection existed, the lava of the higher columns would 
presumably be emptied by the outbursts at lower levels, 
whereas while the level of the molten lake in Mauna Loa 
alters but little, that of Kilauea apparently varies more. 

That these outbursts are not entirely due to steam seems 
clear, as so little accompanies the eruptions. The proba- 
bilities are that, after the communication has been opened 
between the heated matter below the zone of melting and the 
surface, the lava insinuates itself into the crust above in the 
form of reservoirs of molten rock, which continually enlarge 
their dimensions by melting the surrounding rock, by 
intrusion of further molten matter, and by lifting. 

But while this heated lava is being subterraneously 

* * Hawaiian Volcanoes/ p. 125. 
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injected^ the surrounding rocks are being heated, not only 
directly from the reservoir-walls, but generally from below 
by the transference of the heated mass to a higher level. In 
facfc changes of temperature are ever taking place in the 
crust of the earth surrounding a volcano. We have seen 
that with solid strata, the ultimate result of a rise of tem- 
perature is usually folding, but where liquid rock is enclosed 
the compressive action of the expanding rocks about it will 
cause an actual ejection of part of the molten matter con- 
tained in a reservoir in the crust. That such reservoirs 
have existed is well known, by the immense masses of 
granite which denudation discloses on most areas of ancient 
volcanoes. 

Such compressive action may manifest itself gradually as 
well as catastrophicaUy. The outbreak of the great eruption 
of Mauna Loa of 1855 flowed unceasingly for thirteen months, 
and the lava covered an area of nearly two hundred square 
miles, '^ yet at the fountain-head the earth shows but a few 
insignificant wounds ''''^. 

It is thus seen that a liquid stream may exude through 
rupture caused by gradual pressure, in a way quite different 
from the paroxysmal energy characteristic of most volcanoes. 
Is it not when water comes into contact with the heated 
rock that such tremendous explosions as that of Krakatoa in 
1883 take place ? And though these violent ebullitions are 
the most frequent in occurrence, are they not of secondary 
origin? 

If it be admitted that molten lava in the Earth's crust 
may be subject to compression by the expansion of the con- 
taining rock, we at once get a clue to the intermittent nature 
of volcanic action. It may be explained in this way. 
Through the injection from below of molten matter into the 
Earth's crust in the form of gradually enlarging reservoirs,, 

• Ibid. p. 135. 
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This is a truth to ponder over. It would seem that for 
the production of mountain-ranges the volcanic forces must 
be long sealed up^ so that the heat^ instead of being dissi- 
pated at the surface^ may be distributed through the overlying 
rocks. To effectual sealing for long periods^ it appears to be 
essential that there should be enormous thicknesses of over-^ 
lying new sediments or of sedimentary and volcanic rocks in 
association. Such masses of new rock strengthen the crust 
at that part, and the energy accumulates in proportion to the: 
resistance to be overcome ; hence the enormous displays of 
subterranean ^rce only seen in such connection. 

According to the secular-contraction theory these points 
of the Earth^s surface are considered the weakest. I con*^ 
tend, on the contrary, that they are the strongest, and that 
the energy of the underlying forces, so to say, is excited and 
increased by the accumulated mass of material. 

The heating and expansion consequent upon the rising of 
the isogeotherms is the cause of lateral pressure, horizontal 
movement, and vertical uplift. It is, therefore, only when 
these conditions of sedimentation obtain that mountain- 
ranges are originated. 

It seems almost a self-evident truth that if, instead of being 
sealed up in the Earth's crust for millions of years, the molten 
rock finds its way readily to the surface, there will be a loss 
of potential energy which would otherwise be expended in 
mountain-building. 

Thus, where we find great surface floods of lava, the lateral 
movement of the rigid rocks below has been less in amount.* 
As stated at the outset, we never find mountain-ranges 
originating on the sites of old denuded rocks. Sedimen- 
tation is a necessary link in the chain of cause and effect, 
ending in the ridging up of the Earth's crust into mountain- 
ranges. 

It has for a long time appeared to me a weak point in most 
theories of volcanic action that the machinery invoked is 



I 
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inanfficieot to bring up molten matter from a great depth. 
Nov from the nnirersality of Tolcanic action at the present 
time and in previous geological ages, mere reservoirs in the 
cmst nnconnected with a central supply of heat are^ I infer, 
incapable of accomiting for these widely distributed mani- 
iiestaticmB *. 

Once bring the heated matter of the globe within the in- 
flaences of surface action, then all the phenomena of absorp- 
tion and occlualon of gaaea by the molten rock may take 
place. If, in the way I havepointedout, reservoirs of molten 
matter may, so to speak, be slowly pumped up from below 
the isogeotherm of incandescence, then the mechanical ab- 
sorption of water may begin to take place, and end either in 
quiet ebullition or explosions of superheated steam. 

Gases also may be, and most probably are, mechanically 
held in the original magma. If portions of the sedimentary 
crust become melted, gases firom the distillation and destruc- 
tion of oi^anic and other matter will be set free to enter 
into mechanical and chemical combination with the molten 

* Sir Williaoi Dftwson, in bis able sddreBa to the Britiali Afisociation, 
alreadj referred tc, has stated in an easy and clear maDner the theory 
of the origin of tDoUDtains bj the tangential pressure of a collapsing crust 
and the concomitant production of volcanic action. The theorj e\identlj 
potsesaea great vitalitj, having vritbstood the asEaults of Sir Charlea 
Lyell and other authorities, doubtless from its cap&bilitj, in the terms 
usuallj stated, to account for lateral presaure. The arguments urged 
agunst it in Chapter XI. remain, however, untouched, the circumferential 
shrinking of the undetlajers of the crust, as secular refrigeration pro- 
greSBM, being unconsidered. If secular refrigeration fails to explain 
mouptain-building, it necessarilj fails to explain volcanic action uIbq 
u tbe subsidence of portions of the crust into the fluid or semi-fiuid 
magma beneath would be insufficient to raise lava, as in Mauna Loa 
13,000 feet above the sea-leveL Prof. Prestwich, in his elaborate and 
valuable paper "On the Agency of Water in Volcanic Eruptions" (Proc 
of Eojal Soc., No. 246, 1886), reasoning upon the effects of seculu 
refrigeration, also fUls to take into account the circumferential shrinkiiu 
of tbe underlayers of the cntit. 
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rock. Prof. Judd says^ '' It must be admitted that we do 
not at present appear to have the means of framing a com- 
plete and consistent theory of volcanic action.''* 

By local variations in the temperature of the Earth's crust 
— variations I hope I have by this time established as one of 
the most potent^ though slow^ causes of geological change — 
matter from below what we call the crust of the Earth may 
be (in fact must be) forced up in stages until it comes under 
the influences of surface-action. When this happens^ all the 
recognized causes of volcanic action are brought into play. 
It is unnecessary for me here to dwell upon these^ as the 
works of many geologists much more qualified to speak on 
the subject than I am can be consulted. 

• ' Volcanoes/ p. 860. 



CHAPTER XXII. 

THE LAMGER BENBINGS OF THE EARTHS CRUST--- 
REGIONAL SUBSIDENCE AND ELEVATION. 

The accumulation of a great thickness and extent of sedi- 
mentary deposits presupposes subsidence of large areas^ — 
regional subsidence as it may be called. These movements 
of the crust we have good reasons to infer are not permanent 
bendings which have gone on increasing from the dawn of 
geological time. 

Probably no locality could be pointed out which has not 
been subject to fluctuations of level on a great scale^ and 
subsidence is but one phase of these changes^ and may usher 
in a geological period. It is improbable that we shall ever 
succeed in tracing these movements back in geological history 
to the first flexure of the Earth's crust. 

What are the causes of these great bendings and slow 
palpitations of the Earth's crust ? 

Some attribute sinking of the Earth when sedimentation is 
taking place to the gradually increasing weight of the load^ 
the subsidence taking place pari passu with the loading. 
This might account for some of the subsidences if there were 
a fluid zone beneath the crust. But it is known that sub- 
sidences often take place without loadings as in some of the 
deep depressions in the sea- bottom. 

The Mediterranean sea and the Gulf of Mexico are de- 
pressions that cannot be the result of loading. There are 
also immense areas fringing continents^ that have been 
subject to fluctuating movements of elevation and depression. 
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The great ocean-beds themselves are not free from regional 
fluctuations of level, as can be well proved, and is even ad- 
mitted to a limited extent, by the stoutest upholders of the 
theory of the permanence of oceans and continents. 

To what can we attribute these extensive vertical alterna- 
tions of level. Secular contraction will hardly help us here, 
for this would act upon the crust — even if it were an efficient 
cause, which I contend it is not — continuously in one 
direction. An earth-flexure once established in this way 
would go on increasing by secular shrinkage. 

In reasoning upon such phenomena of our globe we are 
very apt to lose sight of the extreme thinness of the outer 
envelope as compared with the Earth's bulk. A crust thirty 
miles thick is proportionately a mere film, as represented 
by the diagram fig. 1, Plate XVIII. p. 123. Are we justified 
in assuming, as we usually do by mere habit of thought, that 
the heated interior of the globe is not subject to change ? 
Considering the varying materials of which it is composed, 
as shown in the diverse composition of erupted lavas, it 
appears to me that an equilibrium of its constituent compo- 
nents has not yet been attained. 

It is not improbable that large masses of the heated globe 
far below our thirty-mile zone undergo slow changes which 
produce fluctuations of temperature even in this superheated 
mass^. If they do, the masses so afiected will fluctuate in 



• Mr. George F. Becker, in a paper m the American Journal of Science, 
February 1886, pp. 120-125, entitled, * A new law of Thermo-Chemistry,' 
says : — " There is every theoretical and experimental reason to suppose that 
the fluid eruptive magma consists of one or more compounds differing essen- 
tially from the minerals eventually formed from it. In cooling it must 
therefore undergo a series of chemical and physical changes. The formation 
of any new stable chemical compound, whether fluid or solid, in the mass 
converts other forms of energy into heat ; but at the same time the sub- 
traction of any such group of molecules from the previously existing 
combination alters the chemical constitution of the residue." 
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bulk^ even as the solid crust itself does^ by change of tempe- 
rature. Nor is this the only way in which change of bulk 
could take place. Chemical reaction can hardly yet have 
ceased^ considering the multifarious materials of which the 
globe is composed; and chemical reaction may mean increase 
or diminution of bulk. All that we see of volcanic action on 
the surface indicates that a state of quiescent stability of the 
constituent matter of the Earth's interior has not yet been 
attained. If there be any truth in the theory of volcanic 
emission briefly sketched out in the previous chapter^ with 
each lava-discharge an actual movement will take place of 
matter in the heated magma below the crust. The expand- 
ing plastic mass will replace the discharged lava^ forcing 
itself upwards until it attains a fluid state by reduction of 
pressure. When finally the volcanic energy expends itself^ 
as in time it will^ contraction will set in and the emissions 
cease. 

It will thus be seen that the extravasation of lava at the 
surface must of necessity create an internal movement or 
flow of the heated magma below the crust. Such differential 
streams cannot but bring various components of the internal 
magma^ previously separated^ into juxtaposition^ resulting in 
new combinations from which further chemical action may 
locally follow. 

In this way the ejection of heated matter from the Earth's 
interior may be the exciting cause of further changes tending 
to a continuance of volcanic action. 

In a globe measuring 7912 miles in diameter, with the 
bulk of its materials at a white heat^ it would be more 
strange if all interaction should have ceased and the mass 
have become inert^ than that changes and reactions should 
still be taking place. 

Independently of the horizontal and vertical movements 
of the Earth's crusty ending in the ridging up of moimtain- 
chains^ there are other orographic changes constantly but 
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slowly taking place^ involving, if not such tremendous local 
displays of force, yet movements of matter in mass on a still 
more stupendous scale. There is no continent, and perhaps 
few islands, that do not show marks of upheaval and depres- 
sion, the one by raised beaches, the other by submerged 
vegetation or buried river-channels of comparatively recent 
date. Even the stable Peninsula of India, which has been 
land since at least the beginning of the Cretaceous period, 
exhibits fluctuation of level with respect to the sea*. 

In our own islands the '* great submersion'' occurred during 
the Glacial Period, reaching from 1200 to perhaps 2000 feeL 
Since then Postglacial movements have taken place, as shown 
by the submerged forests round our coasts, which are to be 
found in almost every estuary, and also by the existence in 
various localities of numerous raised beaches. Not only 
these phenomena, but the actual configuration of the land 
and the continuation of eroded river-channels far belo^v the 
level of low water, complete the evidence of these areal land 
movements. 

It is, I know, urged by some that the level of the sea has 
changed and not the land, but having devoted many years to 
the special study of these evidences of submersion, I consider 
that the proofs of land movement are conclusive. 

DifiTerences in radial contraction of the Earth will not 
account for these movements, for such a cause could work 
only in one direction, that is, it would constantly keep in- 
creasing the differcDces of elevation, whereas vertical changes 
recur again and again, upwards as weU as downwards. 

It appears to me that no explanation can satisfy the con- 
ditions of the problem as we find them in nature but that 
of the actual mobility of the Earth. 

This was assumed by Lyell and the older geologists, but 
of late there has been shown a tendency to revert to the 
older immobile ideas of the external features of our globe. 

• ' Manual of the Geology of India,' pp. 376-377. 
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Some of the current views as to the distribution of land 
and water throughout geologic time seem to me too inelastic 
to explain many facts of geology, but it is not my object to 
discuss them here. 

I can conceive no explanation of these slow pulsations of 
the Earth^s crust — for such they are in reality — so probable 
as that of a change of bulk in large masses of .the Earth's 
heated interior. 

That such a mass of potentially molten matter should remain 
constant without the slightest change of form except that 
due to a rigid mathematically disposed contraction would 
indeed be surprising. 

Changes of form by which portions of continents are sub- 
merged, others elevated, and whole areas of the sea-bottom, 
as proved by Darwin and Dana"^, fluctuate in level, have 
constantly taken place. These movements may or may not 
be connected with volcanic action. 

If we assume, as we have reason to do, that the heated 
interior of the Earth below the crust, solid only by pressure, 
is subject in large masses to change of volume by change of 
temperature, caused by recombination of matter taking place 
from time to time, many of the difficulties can be explained. 
An almost infinitesimal change of bulk, if the mass be large 
enough, would explain what to our eyes seem stupendous 
movements. 

That these changes in the interior are to some extent in- 
fluenced by changes on the surface wc have seen is the case 
where volcanoes drain matter from below the crust, and 
thereby cause a redistribution of the internal magma. No 
doubt there is also a limit to the distortion of the Earth's 
form. When we consider that continents are in mean height 
but little raised above the surface of the sea — Europe 1342 

♦ Seo Dana, " Origin of Coral Reefs and Islands," Amer. Journ. of 
Science, 1885 ; also Le Conte, ibid. Sept. 1886, p. 180. 
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feet, North America 1496 feet. South America 2302 feet* — 
it would appear that some relation must exist between their 
height and the stability of their foundations so to speak. 

Again, in our consideration of the origin of mountain 
systems, the calculations have not assumed any changes 
brought about by sedimentary deposition as extending deeper 
than 30 miles. This was intentional, as it is within this 
limit of depth that the cause of the phenomena of folding and 
local uplift must be sought. Not only mountain-chains proper 
but the platforms on which they stand — the whole continental 
system in fact covered by these deposits — are uplifted. This 
truth is well illustrated in the eastward approaches to the 
Rocky Mountains, which- have long and easy gradients, though 
the maximum elevation of the ranges is great. 

It is also strikingly shown in the Oreat Plateau System of 
Asia. Great mountain systems and continental plateaus as 
a whole are extremely permanent features of the Earth's 
surface, and there must be some cause for this stability. 

The explanation that most commends itself to my mind is 
that there has been below the crust, out of which the moun- 
tain structure has been built, a lateral transference of material 
to the loci of the mountains and plateaus which has effected 
a permanent relative alteration of levels. This may result, as 
we have seen, from the expansion of a mass of great area 
thickening out by compression, under the sites of what 
become the highest parts of the continents. 

♦ Humboldt, quoted by Herschel, ' Outlines of Astronomy/ 9th edit, 
p. 189. There appears to be some obscurity in Humboldt's figures, most 
writers give half these heights as Humboldt's residts. Sir Jokn Herschel, 
however, distinctly states that Humboldt*s figures represent the heights of 
the centres of gravity of the continents, and must be doubled to arrive at 
their mean heights. Mr. F. W. Hudler kindly informs me that Dr. 
Gustav Leipoldt (Petermann's * Mittheilungen ' for 1875, Bd. xxi. pp. 130- 
132), in 1874 recalculated the mean height of Europe with more scientific 
exactness of method, and arrived at the conclusion that its mean height 
is 296*838 metres. 
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Partly then^ but not wholly^ the internal movements are 
relative to those on the surface^ and to the transference of 
material by sedimentation. 

The actual weight of sedimentary accumulations such as go 
to form mountain systems^ must doubtless to some extent 
affect the foundations of the Earth on which they rest. 

They may cause material below the crust to be squeezed 
out laterally. This would seem to be the case sometimes^ 
from the fact that occasionally the thickness of deposits 
ascertained by measurements in mountain-ranges exceeds the 
depth of the deepest part of the ocean. Indeed^ if the figures 
are reliable^ the deposits are sometimes double the thickness 
of the deepest soundings. The natural inference is that they 
have pressed down the crust by their own weight. I do not, 
however^ attach the same importance to loading as a geolo- 
gical agent as some good geologists appear to do^. That 
sedimentation has not raised mountains and continents by 
mere weighty is shown by the fact of the highest land being 
composed^ as we have seen^ of the thickest sediments. 

Bending of the Earth^s crust initiated in other ways may 
be increased by loadings but that the crust responds in a 
perceptible way to every additional foot of strata laid down 
upon it^ is too great a refinement to be probable. 

The piling up of 10 miles in thickness of rock upon a pre- 
existent series, would doubtless compress the latter beyond 
its limit of elasticity. As I have shown (p. 91) , solid rock 
subjected to such a pressure would flow in any direction on 
relief of the strain. It is therefore possible that such a pile of 
strata might assist to produce a geosynclinal by a lateral 
displacement of the underlying matter. But at what depth 
this readjustment would take place we have no means of 
knowing. The deeper the zone of displacement the more 

* There are some excellent obserTations on this question, in which I 
concur, by Le Conte in the paper already referred to (Anier. Joum. of 
Science, Sept. 1886, p. 180). 
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widely would the surrounding areas be affected^ but the less 
would be their consequent elevation. 

The greater flexures of the Earth being partly independent 
of sedimentation^ we can readily understand how changes 
favourable to a redistribution of land and sea slowly take 
place. 

Roughly speakings the proportion of land to sea is as 1 to 
3 *. Land and Water are also so interlocked in their distribu- 
tion that it would be difficult for a large flexure to take place 
without afiecting both. The mountain and plateau systems 
are among the most permanent features of the Earth's surface. 
It follows that the subsidence of part of a continent would be 
immediately followed by a deposit of sediment upon it derived 
from these higher lands. Sea-bottoms raised into land would 
be denuded^ and so the cycle of change would go on^ subject 
to the controlling forces of the surface^ somewhat in the way 
just pictured. By these various processes the extremely 
diversified features of the Earth's surface may have been 
created; and it is easy to see that^ given time enough^ the 
changes^ in whatever order they happen as to place^ would 
eventually affect the whole surface of the globe. If we fix our 
continents and fix our seas^ it appears to me that^ in addition to 
such an hypothesis being discordant with a full consideration 
of known facts, we limit the possibility of geological change^ 
and render the features of the Earth's surface difficulty if not 
impossible^ of explanation. It may not be oiit of place here^ in 
connection with regional subsidence, to allude to the very pre- 
valent notion, originated I believe by Humboldt, that the great 
volcanoes of the globe, being mostly distributed in a linear 
manner, are situated upon lines of fissure connecting them 
together. If this were so, it would mean the existence of 
fissures thousands of miles long, extending in fact over half 
the circumference of the globe. But such fissures would 
hardly be confined to the present time, and we should expect 

• 27 to 72.— A. Guyot. 

T 
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In a deep road-cntting at Bidston Hill, Chesliire, I 
obseired slickensideB also due east and west, but not 
veined with quartz. At Beeston Castle Hill in Cliesliirej I 
observed a slickensided face, east and vest in direction, 
and apparently horizontal. The slickenside iace seems to be 
here largely formed of sulphate of barium. There are also 
two well exposed feces showing horizontal slickensides in 
the quarry at Foulton in Cheshire, which the Liverpool 
Geological Society has had photographed. Both these lanlts 
or joints are east to west in direction, but are not parallel, 
and would intersect if projected into the worked part (^ 
the quarry. I have noticed horizontal slickensides in a 
quarry at Town Green in liancashire, but much less perfect 
than those before described. All these are in the Trias. 

I have also observed slickenaided faces in Brandreth 
Delph at Parbold in the Millstone Grit. One face was due 
north and south, the strise dipping 18° south, the same way 
as the beds. The face of the fault is not a clean cut, but 
has prominences, and it is these that have been mbbed or 
ground together. 

In a quarry at the top of Harrock Hill, at Parbold, I 
noticed a slickensided face with a direction east 20° south, 
the dip of the strie being l(f easterly, about the same as 
the bedding. 

The Carboniferous system, to which these last mentioned 
ivckfl belong, is much more disturbed than the Triassic sand- 
stone. 

In the Wenlock Limestone (Silurian) I noticed in a quarry 
at Much Wenlock a slickenside having a direction north- 
east to south-west, dipping only 7°. 

Very little attention seems to have been hitherto given 
by geologists to these indications. Indeed they are such aa 
to escape notice if not particalarly looked for. I feel quite 
sure that these records of rock-movements wonld be found, 
if sought for, to be very general, and wonld help us consider- 
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ably in interpreting the dislocations to which the rocks have 
been subjected *. 

The wonderful porcellaneous nature of the slickensided face 
when on sandstone rocks — so hard^ smooth^ and polished — is 
not easy to account for ; often all indications of a granular 
nature seem to be obliterated f. 

I have been unable in any case to calculate the amount 
of horizontal throw that has produced the markings. It may 
often be small. It is easy to understand that a mass of 
sandstone^ subject to lateral pressure^ unless of a very homo- 
geneous nature^ will undergo a differential movement of the 
blocks into which it is naturally divided. Being indivi- 
dually rigid, they will be ground together. Most of the 
slickensides noticed are in Keuper sandstones. I have 
observed none on the pebble-beds of the Bunter, which are 
much more massive ; but I do not happen to have had much 
opportunity of looking for them in this division of the Trias 
since my attention was drawn to the phenomenon {. 

It will be noticed that the pressure has in most cases acted 
at right angles to the main faulting and parallel to the 
bedding. From this I infer that the main north and south 
faulting is subsequent to the transverse strise. The main 
faults are all normal and contraction faults, and often show 
splendid vertical or inclined slickensided faces. 

These strise are vertically at considerable angles to the 
pressure slickensides which it has been the object of this 
chapter to describe. 

* In a letter to the Geol. Mag. July 1886, Mr. Skertchly states that he 
and Mr. French haye discovered '* widely spread sur&ces of chalk slicken- 
sided horizontally in the neighhourhood of Sutton, Surrey." 

1 1 have since found specimens in which, apparently by the decay of 
some of the constituents of the rock, the granular nature is perceptible — 
grains of quartz appear with polished faces — perfect planes flush with the 
general face, like pieces of marble in a mosaic. 

t Sometimes the broken rock in a fault is slickensided at various angles 
and planes by the crushing together of the fragments. 



CHAPTER XXIV. 

SLATY CLEAVAGE AND FOLIATION. 

It will now be necessary to briefly discuss the relation of 
cleavage to mountain-structure. 

So many distinguished men^ both geologists and physicists^ 
have devoted attention to the phenomenon of cleavage that it 
will be somewhat difficult to say anything new on the 
subject. 

Mr. A. Harker * has lately given us an able resumi of the 
various facts and theories relating to slaty cleavage^ so that 
it is unnecessary for me to traverse them here. 

It is, however, important to note that the concensus of 
opinion is in favour of slaty cleavage being a mechanically 
induced structure, due to lateral pressure. In proof of this 
it is contended that the cleavage-planes are always at right 
angles to the pressure, and it is pointed out that the dis- 
tortion of imbedded fossils is always in the direction of 
the cleavage-planes. It is also maintained that the ma- 
terial of the slates, while being compressed at right angles 
to the cleavage-planes, has been extended in a direction 
towards the vertical, but not laterally. There has conse- 
quently been an internal movement or flow of the rock 
upwards, so that cleavage, according to this view, is allied to 
fluxion-structure. 

That slaty cleavage is intimately related to lateral pressure 

* " On Slaty Cleavage and allied Rock-8tructuro8/' British Associatiou 
Report, 1885. 
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sturroanding circumstances seem to show, but that it is due to 
actual flow of the material of the rock cannot^ I think^ be so 
easily upheld. 

IS I have in any way adequately explained the movements 
the rocks have undergone in highly plicated regions^ it will 
be seen that the effect of pressure is not in every case to 
extend the beds at right angles to the direction of pressure. 
In some cases it does — ^indeed we may go so fax as to say in 
many. In the complicated bending^ twisting^ packings and 
folding of beds of moderate thickness in contorted regions^ 
the flow of the material of the beds has been diverse in direc- 
tion at difierent times in the same bed. How could such 
internal movements produce parallel planes cutting through 
the rocks independently of their bendings^ and extending 
over vast regions ? Rather^ if formed while these movements 
were progressing^ they would lack both parallelism and 
straightness of direction*. The divisional platy structure 
would be in tortuous sinuosities very difierent to slaty cleavage, 
by which slabs almost true planes, a fractional part of an inch 
in thickness and many feet square, can often be split out of 
a block of slate-rock. 

If, on the other hand, we hold that slaty cleavage hs^ been 
impressed upon the rocks after the main plications have been 
completed, we are landed in the dilemma of having to believe 
that the folded region, once the folding is completed, acts as 
a homogeneous body, and expands upwards along the cleavage- 
planes without regard to the folds or to the angles at which 
the various beds lie f. 

* See description of Plate XLII. at the end of book. 

t Mr. W. Gersholm CoUingwood observes, with respect to cleava^ in 
the Alps (^Limestone Alps of Savoy,' p. 96), the cleavages in the Oz- 
fordian and Neocomian in the Valley of Closes seem to dip at the same 
angle, notwithstanding the tilt, or even contortion, of the beds. " That 
is to say, that not only did the pressure which contorted the strata fail to 
produce this cleavage, but this cleavage seems to have been created after 
the contortion by causes of quite a difierent nature.'' 
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Doubtless the distortion along the plane of cleavage often 
shown by fossils^ and accompanied sometimes by their sepa- 
ration into firagments^ has been due to a flowing of the rocks 
in the general direction of the cleavage- planes. But may 
not this be in cases in which the direction of movement hap- 
pens to coincide^ which^ no doubt^ it often does^ with the 
cleavage-planes ? It does not follow that the one is iden- 
tical in direction with^ or the direct consequence of the 
other. 

It appears to me that slaty cleavage is due to a molecular 
rearrangement in some way related to pressure^ but taking 
place in the rocks after internal movement has ceased. 

Is it not as likely to be connected with a constantly 
sustained pressure for long periods and an after-relief? 

I find it difficult to believe that the distortion of the fossils 
has taken place after the plication of the beds has ceased. 
The distortion would be more likely to take place pari passu 
with the plications^ and, if so^ the phenomenon of fossil dis- 
tortion and that of slaty cleavage are not so directly related 
as at first seems likely. It is a very remarkable fact that steel 
plates^ bars, or angle-iron which have stood all the tests of 
bending, hammering, &c. satisfactorily, may sometimes, after 
being left for a night lying in a yard, be found in the morning 
rifted by internal movements. How can this curious fact be 
accounted for ? There is no doubt we are extremely ignorant 
of the nature and causes of molecular change, and we may as 
weU confess it. 

In the neighbourhood of Llangollen, the cleavage which 
has affected the Upper Silurian rocks commences at the 
slate quarries of Llansaintfraid Glyn Ceriog, 2^ miles south 
of Llangollen, at the low angle of from 27° to 30° N.E., the 
direction being subject to a little variation. The bedding 
dips from 15^ to 18® N.E. by N., being also subject to 
variation. The cleavage dip gradually increases (with varia- 
tions) as we proceed northwards until at the slate quarries 
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on the north flank of Moel-y-faen^ near the Ruthin Road^ a 
distance of nearly 7 miles in a direct line N. by W., it reaches 
56° N. by E. In these large quarries the rock is much 
affected by anticlinal and synclinal folds^ the cleavage never- 
theless being constant in dip. About 1^ mile south of 
these slate quarries is a large flagstone quarry of clay-slate. 
These flaggy beds dip 75° N. The flags possess an unde- 
veloped cleavage^ but separate in the bedding planes. 

In the slate quarries (worked by galleries) near the sum- 
mit of Moel Fema^ the dip of the cleavage is^ as ascertained 
by me, about 18® N.E. by N., but varies a little. The beds 
dip from 12° to 14° N.N.E. These quarries are about 6 
miles, almost directly east, from those at Olyn Ceriog. 

The interest of these examples lies in the low inclination 
of the cleavage on the southern line between Moel Fema 
and .Glyn Ceriog. Sedgwick was of opinion that cleavage 
as originally produced was always nearly vertical. It is 
quite evident that in these examples it cannot have been so, 
for the beds are very little disturbed where the low inclina- 
tion occurs. It therefore follows that if the cleavage was 
induced at right angles to the pressure, the pressure in this 
case must have acted in a direction toivards the vertical. 
Thus the cleavage may be connected with detrusive action 
during the uplift of the Berwyn dome. In Glyn Ceriog 
quarries splendid examples of slickensided beds occur. In 
one case (middle quarry) the bed dipped 20° N., and the 
striffi 18° N. by W. 

Mr. William King, in a memoir *' On the Kadapah and 
Kamul Formations in the Madras Presidency^'*, gives 
examples of undulating cleavage-planes with interstitial 
quartz affecting the clay-slates on the eastern flanks of the 
Nullamullays. The cleavage also affects the limestones and, 
least of all, the quartzites. He observes, however, that in the 

* Memoirs of the Geological Survey of India, vol. viii. part i. p. 187. 
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latter the cleavage-structore is at times very distinctly super- 
induced, more particularly when the strata are much con- 
torted and reduplicated. " The quartzites are very seldom 
strongly cleaved nntil they are sharply contorted or cruslied 
up in themselves, in the same way as is olten the case with 
the slates." These examples also tend to show that the 
cleavage is related to the pressure, but induced after the 
movement of contortion has ceased. 

The late Professor King, of Galway,considered that cleavage 
was related to jointing *, and that cleavage-planes were com- 
pressed joint-planes. He pointed out to me some very 
remarkable jointed Carboniferous Limestone in a field be< 
tween Qalway and Oranmore f that might have been mis- 
taken for vertical laminated bedding. He looked upon the 
divisional structure of the bands of took opposite the South 
Stack, Holyhead (PUte XXXIV. fig. 1, p. 202) also as jointing. 
Without being able to follow my revered and lamented 
friend to the full consequences of his reasoning, I consider 
that jointing and cleavage are physically related phenomena. 
Slaty cleavage, as already suggested, may be a molecular 
rearrangement brought about by pressure, while jointing is 
probably a sort of rude and imperfect crystallization on a 
large scale. 

To conclude, bedding-lamination arises in the case of pure 
sand from the arrangement of the constituent grains in 
parallel planes. The application of great pressure has a 
tendency to reverse this arrangement of the grains to planes 
at right angles to the pressure. Subsequent metamorphism 
will tend to develop the fissile structure, because interstitial 
crystallization will develop a mineral arrangemeDt iu the same 
direction. It will thus be seen that pressure and metamor- 
phism act in a common direction towards the production 

* " On Jointing and JU RelBtion to Sluty CleaTag'e," ' TransactiuDs 
of Itoyal Irish Acudumy,' vol. xxv., 1875. 
t Ibid. p. 03 J. 
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of slaty cleavage. It is quite impossible to do more here 
than touch the skirts of the subject, either as regards slaty 
cleavage or jointing.* 

Foliation. — ^The relation between foliation and cleavage has 
been speculated upon by many geologists. '^ Dr. Darwin 
found in South America immense tracts of intensely meta- 
morphosed schists, the folia of which had every one of the 
distinguishing characters of cleavage laminse ; their strike 
was uniform over large areas, and parallel to the leading phy- 
sical features of the country, and in all cases which he saw, 
where masses of cleaved and foliated rocks alternate together, 
the cleavage and foliation were parallel.'^ t 

The late Mr. David Forbes exposed amorphous soap- 
stone to a moderate heat, not exceeding redness, for some 
months under a pressure of from 7 to 12 lb. per square inch, 
and obtained an aggregate of finely-developed crystalline 
folise of a brilliant white or greenish colour, identical with 
talc — in fact, a talcose schist; under similar circumstances 
clay-slates were converted into rocks possessing a beautiful 
parallel structure, closely resembling gneiss {. 

It would appear from these experiments and from obser- 
vations in the field that foliation may be superinduced on 
either cleavage or bedding. Foliation-planes have not the 
mathematical truth of cleavage-planes. Highly crystalline 
rocks are the most frequently foliated, and it is diflScult not 

* Among many others, the following papers nuiy be consulted with 
advantage : — " On the Absence of Joint Structure at Great Depths," by 
W. 0. Crofiby, Geol. Mag. Sept. 1881 ; ** On the ClasBification and Origin 
of Joint Structures,'* Crosby, Proc. Boston Soc. of Nat. Ilist. vol. xxii., 
Oct. 1882; "On the Origin of Jointed Structure," by G. K. Gilbert, 
Am. Joum. of Science, July 1882, p. 60 j « Poit-Glacial JoinU," Ibid. 
Jan. 1882, p. 25 ; « Jointed Structure in CUy and Marl," by John Le 
Conte, ibid. 1882, p. 283 ; '^ Notes on Joint Structure," W. O. Crosby, 
Proc Boston Soc. of Nat Hist roL xxiii. 1885, p. 243. 

t 'Physical Geology,' Green, 2nd ed« p. 422, see ^< Cleavage and 
Foliation " ; * Geological Observations,' pp. 460-4tJU, 

t Ibid. pp. 422, 423. 
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to believe that these varying mineral laminae have followed 
and developed a structure which formerly existed in the 
rock. 

It is therefore probable that foliation may sometimes follow 
a fluxion-structure induced by pressure. We have seen what 
extraordinary changes Archaean rocks have been subjected to ; 
how they have been compressed^ twisted^ and squeezed out. 
It is^ in fact^ the numberless changes which they have under- 
gone that makes them so difficult to read. 

Whether foliation represent bedding or other structure is 
a question to be settled in the field from each particular 
example. It is impossible^ in our present state of imperfect 
knowledge^ to lay down any general rule. 

Daubree unites the phenomena of foliation and cleavage 
under the general head of '^ schistosit^.^' He appears to con- 
sider that both are produced by an internal sliding of the 
substance of the rock^ and his experimental attempts to 
produce foliated structure in clay showed that the compressed 
mass should be endowed with a certain degree of plasticity — 
too dry^ it breaks; too soft^ the laminae cannot separate. 
Experiments were made by " squirting '' clay by a hydraulic 
press. Plastic clay and quartzose sand produced a fibrous 
texture^ with the laminae parallel to the pressure. 

Dr. Sorby, in his Presidential Address to the Geological 
Society, 1880, p. 84, says that the " connecting links between 
slates and schists clearly show that foliation is essentially dif- 
ferent from either stratification or cleavage ; " and he is of 
opinion that ^' there is sufficiently good proof that the schists 
of the central Highlands of Scotland were originally slates 
(p. 87) . He distinguishes between ^^ stratification-foliation 
and "cleavage-foliation.^' In the former the large flat 
crystals of mica lie in the plane of the beds of different 
mineral nature. Some specimens obtained between Aberdeen 
and Stonehaven show in the same thin section both stratifi- 
cation-foliation and cleavage -foliation. In some cases the 
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• 

stratification-foliation has been bent into small contortions^ 
and only a little mica has crystallized along the planes of dis- 
continuity, '^ The difierences in the character of the foliation 
in the different specimens now described appear to have 
depended on whether or not the rock became completely 
solid and crystalline before it was compressed^ or was com- 
pressed before it became solid and crystalline'' (p. 91). 



CHAPTER XXV. 

EARTHQUAKES AND THEIR CAUSES. 

It is a very curious fact that more than one eminent geolo- 
gist has spoken of Earthquakes as being the cause of subsi- 
dence, of elevation, or of fracture *. 

This appears to me — leaving out of account minor secon- 
dary effects — ^to be putting the effect as the cause, and is, at 
least, a loose unscientific way of speaking. 

It is not my intention to write a treatise on earthquake 
motion, but it seems necessary to trace the connection existing 
between the causes producing the elevation of mountain- 
chains, the phenomenon of faulting, and that of earthquake 
tremors. 

Prof. John Milne, who has devoted great attention to 
Seismology, tells us that the crust of the Earth is in almost 
a continual state of tremor. This, in itself, shows the crust 
to be an elastic solid with the strains so nicely balanced 
that it is easily affected. If I have not entirely failed in my 
object, the reader must by now be convinced that, through 
small changes of temperature, the internal strains of the 
strata of the Earth^s crust are continually changing. Let 
us imagine an expansive stress to be set up in a group of 
rocks possessing the rigidity of those near the surface. 

• Since this was written, Prof. John Milne's valuable work on * Earth- 
quakes and other Earth Movements ' has been published in the luterna- 
tional Scientific Series. Even here a list of " geological changes pro- 
duced by Earthquakes" is given (p. 161), in which great subsidences 
and elevations of the Earth figure as the result of Earthquakes. 
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This strain will accumulate by slow degrees until it is 
just more than equal to moving some part of the mass. The 
pent-up force will then, obeying some external liberating 
influence, afi^ect the rocks suddenly in its effort to regain 
equilibrium. A small movement, if it took place suddenly 
in a suflBiciently large body of rock, would have a great 
effect in communicating a vibratory or wave-like motion to 
the Earth's surface. The greater the strain from which 
the crust is relieved, the greater will be the vibratory and 
elastic movement *. 

It is not my object to treat of the earthquakes that usher 
in volcanic action. The subject has been fully discussed 
by Mallet, Milne, Judd, and others, and I could add little to 
what has been already said. But it is from the earthquakes 
that are unaccompanied by such outbreaks that we shall 
gain the most knowledge for our present purpose. Leaving 
the volcanic centres and casting our eye over the land areas, 
we shall find that the countries which are most subject to 
these dreadful tremors are precisely those in which there is a 
development of the later formations, and particularly the 

Tertiary t. 

Peninsular India, as pointed out by Mr. Blanford j:, is 
comparatively little afiected by earthquakes, while the whole 
country in and beyond the Gangetic plain is very much sub- 
ject to them. 

* The external liberating influence here spoken of, the '' hair trigger " so 
to speak, might be a change of barometric pressure, a change of external 
temperature, the Moon's attraction, &c. See * Earthquakes' by Milne, 
already referred to. Chap. xviL 

t As if to emphasize this statement, the earthquake in Georgia and 
South Carolina which occurred on the night of August 31, 1886 (de- 
scribed as the most severe on record in the United States and affectiiig 
an area of a million square miles), originated under the Tertiary rocks 
of the Atlantic seaboard, being most severely felt at Augusta and 
Charleston.— See ' Nature,' Sept. 9, p. 460. 

J * Manual of the Geology of India,' vol. i. p. Ivi. 
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This is exactly what h priori would be predicated accord- 
ing to the views already expressed. Peninsular India is very 
old land ; Extra-Peninsular India^ on the contrary^ is^ com- 
paratively speakings young. It has been subject for a 
lengthened period to tremendous subterranean forces which 
are not yet exhausted. The isogeotherms are probably 
sinking lower and lower. The earthquakes are most likely 
connected with subterranean contraction^ for they seem to 
be accompanied more by subsidence than by elevation^ like 
that which produced the Bunn of Cutch *. 

If we consult the map of Europe, Western Asia, and 
Northern Africa, we shall find that it is those countries in 
which the newest deposits are best developed that suffer 
most severely from earthquakes, namely, Spain, Switzerland, 
Algeria, and Syria. 

Lisbon is built upon Tertiary rocks. To go no further than 
our own country : the great earthquake that affected the 
south-eastern counties of England in 1884 appears to have 
originated under the older Tertiary deposits f. The great 
earthquake of Lisbon was accompanied by subsidence of the 
ground. 

The earthquake which devastated the valley of the Missis- 
sippi, so well and graphically described by Lyell, was on the 
site of Tertiary rocks. If we trace the earthquake regions 
round the world, we shall find that they are, to a large ex- 
tent, conterminous with the newer rocks J. 

Without pressing this parallelism too closely, I think we 
are justified in suspecting a connection between the two phe- 
nomena. The forces which have elevated these deposits into 

• Lyell, 'Principles/ 10th edit., vol. ii. p. 102. 

t The area of Btruetural damage extended over some 50 to 60 square 
miles in north-west Essex, the geological formation being London Clay 
overlying the Chalk (see plate iii., Report on the East Anglian Earth- 
quake by Meldola and White). 

X Trot Milne's map, showing the seiBmic and volcanic areas of the 
Earth's sur&ce, should be consulted. 
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land are now subsiding. With their dying out and the 
gradual loss of temperature or sinking of the isogeotherms 
is an accompanying loss of bulk in the subterranean rocks. 
This loss must be compensated by the closing in of the crust 
by faulting or by readjustment of strains that may not go so 
far as perceptible faulting. 

Mr. Gilbert^ speaking of the connection of fault scarps 
with earthquakes^ says : — '^ The fault scarps of the Sierra 
Nevada follow the eastern base^ and it happens that one of 
them has been formed since the settlement of the country. 
It occurred in 1872^ and produced one of the most notable 
earthquakes ever recorded in the United States. The height 
of the scarp varies from 5 to 20 feet^ and its length is forty 
miles. Various tracts of land were sunk a number of feet 
below their previous positions^ and one tract several thousand 
acres in extent was not only lowered^ but carried bodily about 
15 feet northward. The ground was cracked in various 
directions^ and several springs permanently disappeared.^' 
There was only one violent shocks and the damage was all 
done in a few seconds; but for two months there were 
occasional tremors*. 

Earthquakes^ according to calculations by Mr. Mallet, 
originate at depths yarying between eight miles and thirty 
miles below the Earth's surface. 

Their origin is therefore mostly in the rigid crust. 
Horizontal expansion or contraction acting suddenly may 

produce earthquakes, or they may result from deeper-seated 

« 

cubical contractions in which the rocks above can only 

adjust themselves to the altered condition of volume by 

subsidence. 

We thus have a vera causa for the earthquake blow. % 
We have seen that a rise of temperature of 100° F. will 

produce an expansion of 2*75 feet per mile in average rock. 

* Q. K Gilbert, '^ Earthquakes of the Great Basin^" Amer. Joum. of 
Science, Jan. 1884, pp. 61--52. 

u 
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A lowering of temperatnre to the same extent would have 
to be met by an equal contraction. It is tlina easy to see 
that very small changes of temperature may produce great 
effects. A. loss of 10^ F. would mean a contraction of 
0*275 feet per mile. Extend these movements over a suffi- 
ciently lai^ area and the effect would be tremendous. At 
the depth of eight miles the rock most be in absolute contact 
throughout by compression, so that either expansion or con- 
traction would be continuous over immense areas. This is 
a very moderate depth for an earthquake origin or centrum. 
Nearer the surface the discontinuity of the rocks would 
not allow them to act as homogeneous bars or sheets. The 
rifts in the surface of the ground, spoken of as so often 
accompanjring earthquakesj may arise from the greater 
vibration at the surface. It is well known that such rifts 
are commoner near cliffs and river-margins than elsewhere. 

Changes of temperature in a great mass of rock, in some 
cases perhaps measuring thousands of cubic miles, will account 
for the persistence of earthquakes and earth tremors over long 
periods of time — for days and even months. The mass will 
not adjust itself by one movement ; internal adjustments of 
portions of the mass may go on for a considerable length of 
time. A common illustration of this may be obtained from 
an ordinary grate, which in cooling often contracts with a 
crackling noise *. 

That earthquakes result in each case from a continuous 
cause fluctuating in intensity is suggested by their perio- 
dicity t. 

* Mr. HoTnce B, Woodward, F.Q.S., in the ' Traiuactiona of the 
Norfolk and Norwich NaturBliata' Society/ vol. iv. eeys :— " Probably we 
ahall not be far wrong if we attribute the recent eartbquake in Essex to 
one or more aubtermnean rents produced hy shriuknge, wliich led to no 
material shifting of the rocks, and which, owing to the tenacious nature 
of the Bubaoil at Colchester, chiefly London Clay, did not manifest iteelf 
in any conspicuous manner at the surface." 

t ' Eailhc[uakea ' (Milae), p. 2ti>. 
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They are most frequent in those countries where changes 
of temperature in the crust are likely to occur the oftenest 
and with the greatest intensity. These changes^ we have 
seen, produce increase or decrease of bulk in the rocks 
affected^ and the crust, from time to time adjusting itself to 
the new conditions, is agitated and trembles. There appears 
to be no other cause so universal and constant to account 
for earthquakes; indeed, knowing that these forces are in 
existence, may we not rather wonder at the general stability 
of the surface of the earth, rather than at its occasional 
instability *. 

Before this view impressed itself upon my mind I was 
quite at a loss to imagine what could produce the '^ sudden 
blow*^ seismologists speak of: we have been too prone to 
associate these phenomena with explosions of superheated 
steam, which, of course, cannot account for earthquakes 
away from volcanic centres. We now find that earth-tremors 
and earthquakes are a necessary consequence of the read- 
justment of portions of the Earth^s crudt to altered conditions 
of bulk produced by local expansions and contractions f. 

* Prof. Mlbie Buggeets ''slow elevations" as a cause of earthquakes. 
'' By yarious causes the rocky crust is bent until, having reached the limit 
of its elastidtyi it snaps, and in flying back, like a broken spring, causes 
the jars and tremors of an earthquake ^ (p. 348) ; but this cannot be of 
frequent occurrence. 

t Prof. Milne enumerates '' expansions and contractions of the Earth's 
crusf (p. 277) as causes of earthquakes. It is merely a general state- 
ment, as he enters into no further details under this head. 

Prof. Joseph Le Conte considers that the gravitative settlement pro- 
ducing Normal Faults ''is by far the most probable cause of most 
earthquakes," Amer. Joum. of Science, Sept. 1886, p. 179; but earth- 
quakes may occur without preceptible faulting, as I have shown. 
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CHAPTER XXVI. 

SSDIMSNTATION, UPSBAVAL, AJfD SUBSIDENCE. 

Fboh what has been already ad?anced, we see pluul; that 
mountainB axe nerer built excepting where great sad long- 
continued deposition has taken place. Sedimentation is 
therefore a necessary precedent ctmdition to mountaiu- 
bnilding. Not only must there have been great thicknesses 
of rock laid down on perhaps very old denuded land-snrfaces, 
bnt the deposits most also have had great superficial extent. 
It is only necessary to look at the geological map of the 
United States to be convinced of this great truth. Between 
the 29th and 49th parallels of North latitude and 97th and 
111th meridians there is an almost tminterrupted area of 
Cretaceous rocks. Underneath them in many places, as we 
have seen, Jurassic and Triassic formations occur reposing 
upon a plicated and denuded platform of Carboniferous 
rocks. These plications seem to hare been synchronous 
with those of the Appalachians. 

It would appear therefore that, since the denudation of a 
continent formed and upraised out of Carboniferous rocks, 
more or less continuous deposition took place over this area 
until the close of the Cretaceous times. This eventually 
led to expansion and earth-movements, giving birth to the 
varied mountain-systems of the Western territories. The 
newly-formed crust was compressed and more or less 
flexured from the B>bcky Mountains westward, and at the 
same time the whole area was being elevated. The geology 
of the United States westward of the Great Basin has not 
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yet been systematically surveyed, so that I do not propose 
to enter upon a discussion of it. 

It is unnecessary for my present purpose to say more 
than this. These Mesozoic deposits extend northward into 
Canada to the 56th parallel^ and southward beyond the boun- 
daries of the United States. Indeed, the whole western 
coast of North and South America may be considered as 
one great geological province. 

The main axial lines of the mountain-ranges from Tierra 
del Fuego to Alaska have a north-and-south direction, fol- 
lowing in that respect the main axes of the areas of deposit. 

Under the whole of these great areas, after deposition had 
been completed, the isogeotherms had risen sufficiently to 
counteract the previous tendency to subsidence, which, — 
perhaps to some extent assisted by the accumulated weight 
of the deposits, — had characterized these vast areas of the 
Earth^s crust. 

The rising of the isogeotherms would in the commencement 
only affect the underlying portions of the land, and would 
probably be confined to a zone considerably below that of 
' the base of the new deposits. The plastic mass below the 
rigid crust would be the first to feel the influence of the rise 
of temperature. 

Through the boundaries of the lenticular mass affected 
being confined, the vertical expansion (as explained, p. 114) 
would be multiplied in threefold the ratio of the linear ex- 
pansion. The result would be principally upheaval, by which 
the submarine deposits would become elevated into dry land. 
As the underlying beds communicated their heat to the 
overlying deposits they also would begin to be affected; 
- lateral expansions in all directions would set in to the extent 
of about 2-75 feet per lineal mile per 100° F. As I have 
clearly shown by the experiments in heating sheet-lead, the 
transverse force of expansion would, through acting over a 
greater section of rock, determine the axis of upheaval in a 
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longitudinal direction. The total linear expansion along the 
greater axis would have to be compensatedj first, by undula- 
tions and similar croBS-ridginga, secondly by turns and twists 
in the direction of the ranges, and thirdly by an actual con- 
version of longitudinal into transverse motion. That this 
latter actually takes place is well shown by the forms assumed 
by the sheets of lead experimented upon (Plates III. to VI.); 
otherwise it would be impossible to account for such a 
perfect semilune anticlinal as is figured on Plate VI . and 
described on p. 15. 

While these internal expansions are going on — an expan- 
sion within strictly confined boundaries is the same in effect 
as the application of a compressive force, excepting that it 
more perfectly affects every component molecule of matter — 
the plastic mass below the Earth's crust will be under an 
extreme compressive strain. It will be seeking every weak 
place to burst its bonds. 

The Earth's crust will then be riven with fissures and 
dykes, and bored by volcanic pipes nntil, through lava over- 
fiowiug at the surface, the pent-up forces temporarily exhaust 
themselves. The removal of a great heated mass of rock — 
such as happened in the great lava-fiows of the plains and 
plateaus of Western America — from the crust to the exterior 
must lower for the time being the temperature of a lai^e 
portion of the crust in the locality where it occurs. Local 
intrusions will raise the temperature at particular parts. 
The temperature will never be constant ; it will fiuctuate, 
and these fluctuations mean increments of expansion and 
contraction. Such changes, however small, will, when added 
together, leave their marks on the structure of the rocks and 
the orography of the districts. 

But mountain-building is a slow process ; it has been going 

on in one form or another in Western America from the 

close of the Cretaceous to the present time. Faulting as 

well is flexing is an integral part of mountain-building. 

Although, 08 1 have shown, normal faulting is primarily due 
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to contraction^ it may go ou while the range is being built 
up as a whole. Part of the structure subsides while another 
is being built up. Reversed faulting is due to the same 
compressive forces that form the folds and flexures. 

While these movements of elevation^ expansion, and 
contraction are going on, the strata are being injected with 
dykes, sheets and cisterns of molten matter, and further 
consolidated to be still further affected by the rising heat 
from below. 

Although these fluctuations of temperature occur over and 
over again during the erection of a mountain-range, as I have 
shown, the tapping, so to speak, from time to time of the 
molten matter of the Earth (potentially molten below a 
certain level), though it temporarily exhausts the heat 
through the cubical mass of heated rock each time abstracted, 
draws further supplies from below the crust. There is an 
indraught of heated matter towards the lower end of the 
volcanic pipes or fissures. 

In this way we can understand how it is that volcanic 
districts have apparently continued active through millions 
of years, but perhaps not without intermission. 

But while these forces of upheaval and faulting are in 
energetic action, the no less powerful but unobtrusive forces 
of denudation are at work carving and levelling as the 
mountains are ridged up. The upper beds of rock remain 
unafibcted by the internal heat, the surface temperature being 
the mean of the temperature due to the latitude and climate, 
and therefore only subject to climatic changes. While 
therefore the rocks below suffer from powerful compressive 
strains, the surface rocks, having to adapt themselves to the 
flexures that originate from below, are subjected to tensile 
strains. Possessing but little elasticity they fracture, and 
the fractures necessarily occur near the apex of the anti- 
clinals or monoclinals. 

The agents of denudation therefore have free play. The 
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fisaores are soon widened and deepened, bo tliat in strata 
subjected to long continued denudation what originally were 
bills often become TaUeys. Scarped faces are in this way 
formed, and the strata are worn back laterally. 

A reference to. any geological map in which the strata tap 
domed up, as in the Woolhope dome, the Weald of Kent and 
Sussex, and other examples already given, will enforce this 
great troth. 

Indeed, unless a scarped face originates in a fault (and of 
these the only example I know of in this country is the 
Craven and its continuation, the Pennine fault), it is the only 
way in which a true escarpment can arise. The remarkable 
Oolitic escarpment, which stretches in a more or leas perfect 
form from the extreme south-west of England northward 
into Yorkshire*, I attribute to a similar cause. There is no 
doubt that the Oolites originally stretched out fax over the 
western, and perhaps north-western, counties of England and 
have been denuded there&om. When we come to conrader 
the geological history of the British Isles this will be farther 
dwelt upon. 

While the Irhole Western Territories of the United States 
were being upheaved and Sexed, the atmosphere, rain, and 
rivers, acting both chemically and mechanically, were at work 
carving the roughly modelled blocks into new forms : ao 
varied are these forma that to enumerate them would demand 
a treatise. Those who wiah to know more about the 
scenery of America in relation to its Qeolc^, have only to 
consult the splendid volumes published by the United States 
Government. 

During the upraising of the mountain sierras and plateaus, 
immense denudations took place and redeposit of sediment 
in great Eocene lakes. . Then occurred volcanic overflows 
biuying laige areas of country under floods of tava, repeated 

* RamMj, ' FhjB. Geog. ud 0«oL of 0. Britain,' 6th edidon, p. 316. 
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at intervals sufficiently far apart to allow of the previous 
overflows being largely swept away by denudation. 

Finally subsidence took place^ giving birth to great Qua- 
ternary Lakes — Bonneville^ Lahontan, and a host of others. 

That subsidence from time to time and on a great scale 
has been an integral part of the geological history of these 
mountain-districts is undoubtedly true. The subsidences 
have arisen from local contractions and gravitative settlement 
in turn influenced by the differential strength of the founda- 
tions on which the upper strata rest. With a continually 
increasing compression^ such as is invoked in a secular 
shrinkage of the earthy or by a change in its form^ subsi- 
dences of this nature^ and on such a vast scale^ could not 
occur ; hence to the other defects of such explanations this 
fatal one must be added. 

Supposed Effects of Removal of Weight by Denudation. 
We have seen that while denudation progresses^ weight is 
being removed from an uprising district. Is there here any 
relation of cause and effect ? Possibly there may be some at 
a particular period of its geological history. Still I do not 
attribute great geological importance to the removal of 
weight during elevation. 

We know that the whole of an elevated region eventually 
gets levelled down^ approximately^ to a plane^ and that it 
does not^ after a certain period^ continue to rise higher 
and higher above the sea-level^ as the theory of elevation 
and subsidence by loading and lightening would seem to 
demand. Some of the oldest countries are nearest to the 
sea-level. The bed of the Mississippi is at an exceedingly 
low gradient^ so is that of the Ganges^ and both are at their 
embouchures far below the sea-level. If the deltaic deposits 
and the great submarine deposits that take place at their 
mouths * have the effect some geologists imagine they have^ 

* See *' The North AtUntic as aC^logical Basis." Proc. of Liverpool 
Geol Soc., Session 1885-6. 
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we should expect their outlets to become depressed as we 
find they are, but should also expect their upper tributaries 
to be at the same time elevated and the grade of the main 
river-bed increased. As a matter of fact the grade of the 
old bed of the Mississippi is less even than the very low 
grade of the present river*. 

Again, if there be no accession of heat from below^ as 
denudation takes place the isogeotherms must sink and 
contraction set in ; this seems to be what really happens after 
the internal fires have spent themselves. 

Supposing that every other condition remained the same^ 
the removal of a very large bulk of matter from one portion 
of the Earth's crust to another would no doubt^ as pointed 
out by Sir John Herschel^ have an influence upon the 
Earth's crust f. 

The effect being complicated with other forces^ it is difficult 
to separate the one from the other. I am satisfied that this 
cause can only at the best give a very partial explanation of 
the complicated phenomena it has been the object of this 
work to investigate J. 

It may be pointed out that the removal of 30^000 feet of 
rock from the Uinta Mountains has not been followed by an 

equivalent uplift, if referred to the sea-level. 

• 

• ' The Mississippi River during the Great River Age : ' Pro£ J. W. 

Spencer. 

t 'Physical Geography,' 5th edition^ p. 116. See also the following 
papers : — '' Accumulation and Denudation/' Dr. C. Ricketts, Geol. Mag. 
1883. ' Palaeontology of New York/ vol. iii., Introduction, Prof. James 
Hall. Also various articles on this subject in ' Nature ' by Mr. Starkie 
Gardner. ''Cause of the Depression and Re-elevation of the Land 
during the Glacial Period/' T. Jamieson, Geol. Mag. 1882. 

X Since this was in type. Prof. Joseph Le Conte has expressed similar 
views. He says (Amer. Joum. of Science, Sept. 1886, p. 181) : - " The 
fundamental cause of subsidence and elevation over great areas most 
therefore be sought elsewhere, although doubtless weighting and 
lightening, by adding to the force or lessening resistance, will cause 
these movements to go fiirther than they otherwise would.'' 



AND SUBSIDENCE 209 

Sir John Herschel considered that the force which sustains 
continents is one of tumefaction *, and this view is consistent 
with that held in this work ; for if these large irregularities 
of the Earth's surface result from the cubical expansion of 
deep-seated matter^ the total weight of the area would remain 
the same, its specific gravity being reduced. This theory, as 
already pointed out, does not apply to mountain-ranges, which 
largely result from an actual accumulation of material by 
lateral transference* 

• ' Physical QeograpHy,' 5th ed. p. 15, 



CHAPTER XXVII. 

WHENCE THE MATERIALS TOR MOUNT AIN- 
BVILDING COME. 

LzATiNO out of account the igneous rocka, the whole of the 
materiale of which a monntain-diatrict or part of a continent 
la built have been transferred either from contemporary hmd- 
areaa or from coaat-lines. It is now an acknowledged axiom 
in Geology that the land, through the atmosphere, rain, 
and rivers, rather than by sea-coast abrasion, supplies by 
far the greater part of the materials for the formation of 
new depouts. If, therefore, we find a land-area composed 
of immense tracts of new deposits elevated from the sea- 
bed, we may reasonably look for the continental area that 
has supplied the materials out of which the new lands have 
been built. There appears to be little doubt that the north- 
eastern part of North America formed part of the land-area 
or areas which contributed the materials for the formation of 
the rocks overlying the Carboniferous of the western half oE 
that continent. It is now a much denuded land-surface, worn 
down over vast tracts to the oldest known sedimentary rocks. 
Immense areas of Laurentian rocks have consequently been 
exposed. Undoubtedly, as we have seen by all available 
evidences, these rocks could not have attained their present 
highly crystalline and contorted condition except at a very 
great depth below the surface. Probably they have been 
again and again buried and as often denuded. 

It would appear that while the Carboniferous rocks of 
Western America aank beneath the waves to be buried under 
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new deposits^ the same formation in the eastern and north- 
eastern parts of America remained land. 

If this view be correct^ the drainage must then have been 
principally from the east westwards^ and the eastern land 
have been much more elevated than now. The Appalachians 
may have formed part of the great divide of those early days. 
The attempt to construct geographical maps of geological 
periods is not often attended with success. At a future 
time^ when geological knowledge is much extended^ it may 
be possible to sketch out rough outlines with some approxi- 
mation to certainty^ but a great deal remains to be done before 
this can be attempted. 

In the meantime^ I can only express my view that the 
greater river-systems, like the mountain-systems, will prove 
to have their origin in the Tertiary period. If this be so, 
the Mississippi, the Amazons, and La Plata were not in 
existence when the great deposits parallel to the western 
coasts of the two Americas were being laid down *, 

That the land from which the western deposits were obtained 
was of much greater area than the portions of the two Ame- 
ricas at present uncovered by deposits later than the Carboni- 
ferous, we may justly assume. There are two elements in the 
problem in which our knowledge is more than defective — ^it is 
nil — ^namely, the extent to which the deposits later than the 
Carboniferous extend westward under the Pacific, and the 
distance to which the land-area to the eastward which sup- 
plied them extended where the Atlantic now rolls. That it 
did extend further eastward is reasonably probable. The 
indentations of the eastern (;oast in North America, the 
existence of the island of Newfoundland, composed of the 
older gneisses and Palaeozoic rocks, the Falkland Isles in 
South America, of Palaeozoic age, and, still farther, the island 
of South Greorgia, 1200 miles to the eastwards of Cape Hom^ 

* RamBay was the first to scientifically investigate the history of great 
river-valleys. 



303 MATERIALS FOB HOUNTAIH-BniLDINO. 

and composed of clay-slate, afford indications which the geo- 
logically constractive mind will not fail to utilize *. 

It seems highly probable that North and South America 
formed in Cretaceona and Tertiary times two distinct eonti- 
uents, stretching eastward into the Atlantic. In the sea which 
separated them, extending throogh 3^ of latitude, Tertiary 
and Cretaceous roclu were laid dowiL The West-Indiaa 
Islands, by the affinity of their faunas with South-American 
forms, show that they were formerly connected with that con- 
tinent rather than with Florida f. The ^logy of the con- 
necting strip of Central America is not known, excepting that 
it is partly Tolcanic. The Oulf of Mexico forma a deep 
depression, separated from the Pacific Ocean by land, and 
connected with the Atlantic by comparatively shoal water. 

There are 55,000 square miles in the Gulf of Mexico, 
enclosed by the 2000-fathom contour X- 'This has probably 
been a post-Cretaceous subsidence, and into it the Missis- 
sippi is now pouring the spoils of 1,244,000 of square miles 
of the North-American continent, its principal coutributioua 
being perhaps from the Tertiary and Cretaceous rocks of the 
West, 



* See " IsUnd of South Georgia," Geol. Mag. 1884, p. S26. 

t Aloz. Agaaaiz, "Dredging Operationa of tho steamer 'Blake'in 1879," 
Bull. Mufl. of CompRTstive Zoology, p. 290. 

$ J. E. Hilgard, " Badn of the Gulf of Mexico," Am. Joum. of Science 
ToL xxi. p. 290 (1881), 



CHAPTER XXVm. 

TIME REQUIRED FOR MOUNTAIN-BUILBINO. 

All calculations of geological time are necessarily but rough 
approximations. Geologists and mathematicians view the 
problem &om such very difiPerent standpoints^ that the results 
are necessarily very divergent. The conditions of the cal- 
culation are very little understood^ and the figures are usually 
worked out from very crude and imperfect data. 

Let us try and form some idea pf the time which has 
elapsed since the surface of the Carboniferous rocks of the 
west was finally eroded^ and began to receive sedimentary 
deposits. We shall have to begin by making several assump- 
tions^ any of which may be varied as to quantity^ according 
to the knowledge of the operator. 

We may assume^ with a reasonable degree of probability^ 
that the land-area supplying the detritus for the new rocks 
was of about equal extent to the new deposits. Doubtless it 
fluctuated from time to time^ being at one time partially 
submerged^ at another more elevated. Again^ I think we 
may reasonably average the new deposits at two miles 
thick. The present rate of mechanical denudation from the 
Mississippi Basin is about 1 foot in 6000 years. If we add 
the matters removed in solution^ I have shown that we must 
reduce the time to 1 foot in 4500 years *• 

* << Denudation of the Two Americas/' F^roceedings of the liveipool 
Geol. Soc., Session 1885, and Amer. Journ. of SciencOi 1885, vol. xziz. 
p. 291. 
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But of the matter removed in solution a large part — ^indeed, 
I am inclined to think^ the larger part — gets out into the 
greater oceans. It is spread over a much larger area than the 
mechanical deposits are* If^ therefore^ allowing for greater 
intensity of action in earlier times^ though I am by no means 
prepared to concede this pointy we allow 1 foot of denudation 
for every 4000 years^ we shall have made^ considering the 
nature and configuration of the land-area judging by what 
remains^ a full estimate *. 

These data beiug taken^ the calculation is one of simple 
proportion^ the result being that^ under such conditions^ the 
deposits &om the Carboniferous upwards have taken 42^ mil- 
lion years to accumulate. Under these conditions 42 million 
years is the minimum time we can allow for deposit alone. 
But it is highly improbable that such an enormous land-area 
kept pouring its detritus into one area without intermission 
for so long a tiitie. 

Partial elevation^ local imconformity^ and fluctuations of 
the drainage-basins would occur over and over again ; and all 
these take time ; but how much ? At the best we can but 
guess ; probably it would double the time of deposit^ but to 
be within the mark^ let us add one half. 

It will doubtless be considered incredible by those who are 
not in the habit of dealing with the question^ that such a 
length of time elapsed. If we look at the enormous changes 
that have taken place in the fauna since the commencement 
of the Triassic period in light of evolution by slow changes^ 
it may not seem so strange. To the time taken up by deposit^ 
we must now add that of mountain-buildings volcanicity^ and 
elevation. The data for making this calculation are still more 

* Dr. James Croll, in a very able discussion of ^* The Methods of 
Calculating Geological Time " says (' Climate and Cosmology/ p. 270j : — 
" 1 think we may assume, without the risk of any greafr error, that the 
average rate of sulnierial denudation during past geological ages did 
not differ much firom the present*' 
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imperfect, but to our 60 millions of years we may safely add 
another 20 millions when we consider the enormous masses 
raised, the extraordinary denudations that have taken place, 
the changes of climate, and the long persistence of Quater- 
nary lakes. This will give 80 millions of years from the 
commencement of the American Triassic to the present 
time ■**". 

Whether we accept these figures or not, or modify the data 
and so the result, we shall still arrive at the grand generali- 
zation that a mountain-system in building, from its inception 
to its completion, covers^ and necessarily covers, an immense 
period. 

These calculations may be checked by a similar process 
applied to other great mountain-chains of the same age. 
For the Andes and the Himalayas we await more complete 
information. 

The Alps would constitute a more difficult problem. 
Suffice it for our present purpose to give this one illus- 
tration. 

* Dr. George Darwin, In his late Address to the Mathematical and 
Physical Section of the British Association (1886), very fairly discusses 
the various methods of estimating geological time, in a spirit far removed 
firom the dogmatic assertion indulged in by some physicists. However 
inadequate the data derived from the ascertained present rate of denuda- 
tion may be, we must not forget that it hM been ascertained by obser- 
vation, whereas the basis of the physico-mathematical methods is purely 
hypothetical. 



CHAPTER XXIX. 

PERMANENCE OF MOUNTAIN-CHAINS. 

From the foregoing considerations it will be seen tbat moun- 
tain-ranges are very permanent structures. 

They have been built up by an actual thickening of the 
crust, and cannot be removed except by denudation. They 
may, ere they become very old, be broken up by faulting, yet 
still form prominent features of the Earth's surface. They 
may be covered up by fresh deposits, and yet part of their 
prominences remain to attest their site and direction. Not 
the least interesting of the many geological phenomena of the 
British Isles are the remains in Scotland, England, Wales, 
and Ireland of a grand system upheaved in Silurian times. 
Of these we shall have to speak hereafter more in detail. 
Can we imagine a more striking testimony to the lasting 
nature of these monuments of former periods than that there 
should be not mere shreds and patches left, but solid moun- 
tain-blocks ? 

Mobility and permanence seem to be strangely combined 
in the various features of the Earth's surface. 

It is clear, from all the evidence of these investigations, 
that a great mountain-range once formed will remain the 
water-parting of a continent for untold ages. Fluctuations 
will doubtless take place again and again in the relative levels 
of the land, so that the water-shedding may be thrown first 
this way then that ; subsidences may occur forming lakes, 
inland seas, or gulfs connected with the ocean. The land 
may increase or diminish in area, river-systems may be 
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flexed, but the strong ridge drawn across a continent by a 
mountain-range will remain through all these revolutions of 
time a great divide that the rivers cannot pass. None of 
the mountain-ranges from the Alleghenies to the Rocky 
Mountains are breached by great rivers draining a large area 
beyond. The rivers by which mountains are sometimes 
breached, as a rule have simply worn themselves backwards 
through having originally started at a higher level. Rivers 
frequently run parallel with and between mountain-ridges 
and ranges for long distances, and then break through them, 
but rarely or never bisect them. This is true, not only of 
North America, but of South America, Europe, and Asia, as 
an examination of accurate maps will show. 

The ridging-up of mountain-chains^ it is thus seen, map 
out upon the Earth^s surface certain fixed boundaries. These 
boundaries form permanent drainage-areas, until modified by 
other upheavals. The upheaval of mountain-chains cannot 
precede deposition — must, in fact, follow it. We therefore 
have strongly-marked lines, as it were, chalked oat for us by 
which we can partially unravel the complicated operations of 
nature. Thus, in the revolutions of the Earth^s surface, a 
drainage-area niay be converted into a basin of deposition, 
while, on the other hand, an area of deposit may be converted 
into a basin of denudation. These fluctuations may occur 
again and again, and the materials may be transferred from 
one area to another many times before sufficient accumula- 
tion takes place to affect the internal temperature and excite 
those tremendous forces which it has been our object to 
investigate. 

Though these fluctuations occur, and leave their mariiB lu 
the geological record of the rocks, it follows that tiiere m a 
tendency for the detritus worn from the land to acauamnv: 
in definite areas; these areas, finally coDnectoi wa^ffiu*:: , 
form the loci of mountain-building. Can we, witn tu^sn^ ^i^. - 
ciples in view, take a peep into the fixture ? Iica u» ^' 
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CHAPTER XXX. 

MOUNTAINS UILDINO IN THE FUTURE. 

Elsewhere I have shown "**" that the basin of the Atlantic 
receives, directly or indirectly, the drainage of 21 millions of 
square miles of land, more than one third the total land-area 
of the globe. The largest rivers in the world — ^the Amazons, 
La Plata, Orinoco, and Congo — deliver their burdens direct 
into the deep ocean, and innumerable other rivers bring 
fringing deposits to the coasts. 

From the Arctic Regions, Baffin's Bay, and Labrador 
stones, sand, mud, and gravel, ice-raft- and iceberg-borne^ 
contribute their quota to make up the West- Atlantic deposits. 
The Gulf-stream brings up spoils of land from the south. 
The Mississippi is encroaching on the Gulf of Mexico. 

Though a large part of North America was submerged 
in glacial times, the drainage of the continent has been east- 
wardly since the upheaval of the Rocky-Mountain system. In 
South America, since the upheaval of the Andes, the drainage 
has also been to the eastward. 

Though portions of the continents were submerged in 
Tertiary times and others in post-Tertiary, there has been a 
travel of material constantly east. We may therefore well ask. 
Where is the detritus, the accumulation of so many millions of 
years ? Some little of it is on the land in the Amazons valley, 
in the Mississippi valley, and spread out in the form of glacial 

* * Denudation of the Two Americas/ p. 26. 
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and post-glacial deposits over a large extent of North America. 
But by far the greater bulk is doubtless in the Atlantic 
basin. Opposite the mouth of the Amazons there is a 
plateau or bench of deposits, having very shallow soundings 
from the coast to the eastward margin from which the bottom 
quickly slopes to the Atlantic deep. 

Over the whole of this wide area there is no rocky bottom. 
This deposit is but a type of what occurs all along the 
Atlantic coast of both Americas. It is here, and beyond, in 
the far deeps, that we must look for the spoils of the present 
continents. Marginal flexures may have taken place in the 
Earth's crust, but the Atlantic slope beyond the platforms is 
probably a slope of deposition. We have seen that the great 
deposits out of which mountain-chains have been upraised are 
many miles thick, thicker than the greatest depths of the 
Atlantic Ocean. Is it not a justifiable speculation that there 
may exist such geosynclinals in the loctis of the greatest 
deposits fringing the Atlantic seaboard of the Americas ? 

Probably the deposits may lextend far out beyond these 
benches, and through subsidence and increasing depth of water 
may have ceased to receive such sedimentary additions from 
the land as formerly. If so, they may be covered up and 
obscured by a thinner covering of deep-sea ooze. 

It is impossible to do more than surmise at these secrets 
of nature, but that an enormous deposit, worn from the 
continents of America, is lying in some form in the Atlantic 
bottom, we may rest assured. 

In the far future, when in the course of the revolutions 
of the Earth these deposits become of sufficient depth and 
extent, may we not expect a range or ranges of mountains 
to be ridged up from what are now the depths of the Atlantic ? 
If this process has occurred before at various places and in 
various periods of the Earth's history, have we not a right to 
assume the probability of its repetition ? The internal forces 
of the Earth are, we have seen from this investigation, far 
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from being exhausted^ and we are a long way from the '^ dead- 
planet '* period. 

We may apply this theory of the permanence of drainage- 
areas bounded by mountain-ranges^ but subject to fluctuations 
of level aiid minor revolutions of the surface^ to other lands 
than the American continents. Thus the whole of Siberia 
drains into the Arctic Ocean^ and there seems no valid 
reason to doubt that it will for ages continue to supply- 
material for deposit in that basin. Great geographical 
changes may take place^ a great part of Siberia might 
become submerged^ or land might stretch out further north. 
Subsidences ending in lakes or inland seas might occur^ 
but so long as the mountain-chains of Central Asia exists 
it seems certain that the travel of materials will con- 
tinue northwards* In this way a varied geological pro- 
vince is created^ and fluctuating conditions within certain 
limits end in a great well-defined^ but varied^ basin of 
deposition. Then comes a great revolution of the Earth's 
crusty in which these deposits are compressed together, 
heaved and ridged up^ and a new continent formed^ partly 
out of the new lands and partly out of the old. 

In this way I conceive the continuity of the land-areas of 
the world through all geological time has been preserved. I 
doubt if there has ever been an entire submersal of a large 
land area so that every living thing upon it has been 
destroyed. Such catastrophes may happen to islands. Thus^ 
as one part of a continent is destroyed by denudation^ 
another part is added to it by accretion and upheaval. 

In this way I conceive the permanence of land areas can 
be explained. Upheaval being dependent upon previous 
deposition, the general proportion throughout the world of 
land areas to water areas is preserved. When we consider 
the mutations the Earth's surface has undergone^ as read in 
the history of the rocks, and the interdependence of the 
faunas and floras of the globe through all geological time. 
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we are struck with wonder at the contmoity of the organic 
and inorganic systems. Either we must call in the old 
explanation of ever recurring creation to keep the Earth 
whole^ or there must be a nice adjustment of recurrent 
causes acting towards the preservation of the land areas. 
The first explanation is not admissible in a scientific treatise. 
K true^ the phenomena of nature would need no explanation. 
It would be alike useless and impious to attempt to fathom 
any of the mysteries of nature if dependent upon an ever- 
changing divine will. 

If^ on the other hand^ the preservation of the geological 
continuity of land areas through all time be the result of 
deep-seated causes^ then it is a fit subject for investigation. 
This personally I believe to be a diviner and nobler faith^ 
and one for which the reasoning powers and curiosity im- 
planted in us were given. 

When we consider that^ roughly speakings the land is only 
one fourth the area of the whole globe^ and the water three 
fourths^ with an average depth of &om 2 to 2^ miles^ and 
that a constant interchange has been taking place between 
them during geological time^ we cannot help being impressed 
with the preservation of things mundane through untold 
millions of years. 

We can calculate almost as a matter of certainty^ that 
if no changes took place except those due to denudation, that 
within a given time^ very much below what has really 
elapsed^ the whole of the land areas would be reduced to sea- 
level. The early geologists saw this, and also recognized the 
preservative nature of volcanic action. If we have not utterly 
failed in our investigation, we have caught a further glimpse 
of cause and effect in the interdependence of sedimentation 
and the local development of heat, mechanical force, and 
volcanic action, which have marked out afresh from land 
and ocean at various times in the Earth^s history well-defined 
geographical regions. 
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In this way new lands are boru^ contiguous to, and in 
communication with^ old land areas^ which constantly get 
broken up and sink beneath the wave. 

Thus we may sum up the result of our investigations in 
the statement, that the permanence of land areas is the 
permanence of continuity, not of location. 

We are indebted to Prof. J. D. Dana for some of the 
earliest views on the development of continental land ; the 
views here sketched out, though somewhat more elastic, are 
in many ways in substance the same. Dana looks upon the 
development of continental land as analogous to animal 
growth, and if the similitude be not pushed too far it aids 
the understanding ^. 

These views of continental stability through long periods 
of time, are not to be construed into an admission that there 
has been no interchange of land and deep ocean. On the 
contrary, logically worked out, in the revolutions of time 
such interchanges must result, but this is a matter of con- 
troversy which it is unnecessary here to enter upon. 

♦ Dr. R. Owen ('Key to the Geology of the Globe*), Dr. Sterry Hunt, 
^Chemical and Geological Essays,' Sir W. Dawson, and many other 
American geologists seem much impressed with these analogies. 
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PLATE XLI. 

Contoured Chart of the North-Atlantic Ocean, 

In this chart the form of the North-Atlantic Ocean-bottom is approxi- 
mately indicated by contour-lines 500 fathoms apart vertically. I am 
indebted to the kindness of Sir James Anderson, the eminent telegraph- 
engineer for this interesting information. It will be observed that along 
the western margin of the Atlantic, that is along the eastern coast of 
North and South America, the continental slope from the 600 fathom 
contour to the deep ocean is much farther from the coast-line than 
is the complementary slope on the Spanish and African seaboard, which, 
until we arrive at the Gulf of G uinea, is close inshore. At the same time 
the inequalities of the bottom are very much greater on the eastern 
margin of the North Atlantic than on the western. In laying the tele- 
graph-cables Sir James Anderson informs me that tbey find very great 
inequalities in the bottom from Lisbon towards the Canary Islands. Off 
the BurUngs, lat. 39° 36' 30", long. iP 64' 00", " the ship had 1300 
fathoms under ber bow, and sounding imder her stem they got 800 
fathoms." The valleys are frequent and very precipitous. In contrajst 
with this, the soundings at tbe mouth of the Amazons for a distance 
of 60 miles from the. coast rarely exceed 10 fathoms, and for 150 
miles reacb no more than 46 fathoms. I infer from these facts, and 
from the nature of the bottom, that a levelling-up process is going on. 
The sediment brought down from the enormous land areas of North and 
South America extends itself in submarine deltas, from which ocean- 
currents distribute it widely along the whole coast. It is quite evident, 
from the grades and depths of the old river-beds, that the continents bave 
subsided considerably. The ancient bed of the Mississippi is over 630 
feet below the sea-level, and its grade is lower (as pointed out by Prof. J. 
W. Spencer) than that of tbe present river-bed. The soundings and 
dredgings on the course of the Gulf-Stream as stated by Prof. Verrill, 
show a sandy or clayey bottom at depths of over 1000 fathoms. It is 
impossible to give all the evidence bere, but it is distinctly in favour of 
the view borne out by other geological considerations, as pointed out on 
p. 309, that the western side of the Atlantic is the site of deposits that 
have been accumulating for millions of years. 

As regards the eastern side we bave not so much evidence, but Mr. J. 
Y. Bucbanan says (' Nature,' March 26, 1880, p. 496) :— " The African 
rivers are quite stupendous, and have much to do in giving the Gulf of 
Guinea its peculiar character. The drainage of quite 90 per cent, of the 
whole continent empties itself into a veiy restricted area of the sea, the 
formation and conditions of which it has profoundly modified.'' 

I bave discussed these physical questions more fully in the " Denu- 
dation of the Two Americas," and " The North Atlantic as a Geological 
Basin'' (Proc. of theGeol. Soc. of Liverpool, Sessions 1884-86). 



CHAPTER XXXL 

PHYSICAL AND OEOLOOICAL HISTORY OF 
THE BRITISH ISLES. 

Though Great Britain has contributed so fully to the 
science of Geology^ some of the problems of mountain struc- 
ture can be investigated under more favourable conditions in 
other parts of the globe. 

The very nature of the country, so admirably adapted for 
working out the historical relations of the rocks^ is from its 
complex structure not so easy to read djmamically. 

We have in the preceding pages traversed some of the 
most interesting districts of the United States, where, from 
the age, nature, and extent of the great mountain upheavals, 
the process of mountain-building can be studied in some 
aspects to greater advantage than in Britain. 

The mountain-ranges in America being on a large scale, 
and many of them of late date, evidence of certain phases of 
structural history, here destroyed by denudation, is in 
America preserved. 

On the other hand, when we come back with our ideas 
enlarged and minds refreshed to the study of this wonderful 
little island, denudation throws more light upon some of the 
earlier stages of the process than can be obtained in the 
United States. 

We can here, so to speak, examine the history of a 
mountain-range at a lower base-level, as the scalpel of denu- 
dation has exposed much, especially in North Britain, that 
in other countries lies concealed. 

According to my views, the exposition of which has been 
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attempted in this work^ a large part of the British Isles 
represents the deeply truncated base of a stupendous system 
of mountains^ upheaved out of Cambrian and Silurian sedi- 
ments * at or towards the close of the Silurian period, the 
gneissic axis of which lies to the westward of the Scottish 
coast. So far as we know by exposures in the northwest of 
Scotland and the Hebrides, together with small exposures in 
Anglesea and Shropshire, the Malvern Hills, and possibly 
Charnwood Forest in Leicestershire, the Palaeozoic strata 
rest upon a floor of Archaean rocks. It is due to a small 
band of enthusiastic workers that these facts have been 
gradually brought to light, though not without many ex- 
pressions of dissent. 

When the members of the Geological Survey found it 
impossible to go on mapping the Highland Bocks on the 
theory and classification not unnaturally adopted by Mur- 
chison, and supported for a long time by many eminent 
geologists, a great and distinct step was taken in advance ; 
an obstructing rampart was broken down. That Mur- 
chison's view prevailed so long is not surprising. It was 
supposed, I believe falsely, to accord better with Lyellian 
principles of Geology than Prof. NichoPs alternative view. 
The admission of an Archaean System, or one of equivalent 
nature, doubtless seemed to these earlier observers a retro- 
gression to the exploded ideas of Werner and the ^' primitive 
schists'' ridiculed by Hutton. 

But wheitesoever facts tend, thither we must go, if truth 
be the object of our search. 

On very good evidence those who have most studied 
the subject pronounce the widely scattered but small areas 
mentioned to be of Archaean age. It is not my object to 
enter into any controversy as to the methods of geological 

* I had formed this view before Prof. Lapworth stated the same 
conclusions with regard to the Highland Rocks. " Secret of the High- 
lands/' Geol. Mag. 1883. 



316 PHYSICAL AND GEOLOGICAL HISTORY 

inquiry which have led to these views^ but we may well 
consider a generalization bearing upon the whole question. 

Unless we have been altogether mistaken in our views 
regarding the relations subsisting between sedimentation 
and plication^ the Archaean rocks of the Highlands^ now 
authoritatively admitted into the geological system^ arc not^ 
in fact cannot be^ an isolated phenomenon. 

According to the principles here set forth^ they must con- 
stitute part of a vast system. 

The foldings plication, and metamorphism^ most of which 
took place before the deposition of the Palaeozoics^ could not 
have been impressed upon the Archaean rocks had they not 
been part of a grand system of sediments deeply buried at 
the time of their plication. 

It is here that the American examples come to oar 
assistance. Immense areas of Archaean rocks exist on the 
North-American continent. We have seen that they are 
strongly developed in the Rocky Mountains^ forming the 
cores of great ranges. 

In Canada^ where they were first geologically worked out 
by Sir W. Logan^ they occupy most extensive tracts. The 
reason we see so little of them in Britain is that they only 
appear where forced up from below, entangled in the Palaeo- 
zoics, as in North-west Scotland, or forming a floor on 
which the Palaeozoics rest, or as the cores of mountains like 
the Wrekin *. 

If this reasoning be valid, these Archaean areas are most 
probably connected, excepting where their place is taken by 
granite or other igneous rocks. Upon this floor a great 
thickness of Cambrian and Silurian rocks was laid down, 
reaching in all some 35,000 or 45,000 feet t- During the 
deposition of the Lower Silurians, volcanic action was 

• Callaway, " The Pre-Cambrian Rocks of Shropshire," Q. J. G. S. 
Nov. 1870. 
t Hicks, Q. J. G. S. 1875, p. 652 ; Qeol. Mag. 1876, p. 150. 
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energetic in North Wales, and great thicknesses of inter- 
bedded ashes occur among the sediments. That this vol- 
canism was not the cause of the upheaval of the Snow- 
donian mountains, is shown by the interbedded ashes being 
involved in the folding which occurred towards the close of 
the Silurian epoch (see fig. 3, Plate XIV. p. 98). At the 
time the marine sediments of Snowdon with their inter- 
calated ash-beds were being laid down subaerial volcanoes 
existed in the North-west of England *. 

That these Cambro-Silurian deposits were of enormous 
extent as well as thickness, occupying a long period of geo- 
logical time in their accumulation, we infer not merely from 
their general distribution over the*British Isles, but from 
the fact that wherever found the strike of the rocks is usually 
in the same north-easterly direction. Here we have the ad- 
vantage of our generalization of the dependence of mountain- 
building on previous sedimentation in aiding us to a clearer 
view. Persistent strike means force acting over a great area, 
while the great disturbance, folding, overfolding, the super- 
position of older strata upon newer, the flowing of deeply 
buried rocks, together with reversed faulting and fracture, 
show, as we have seen from every example quoted (though the 
illustrations are world wide), that the sedimentation was of 
enormous extent. Our horizon is therefore not bounded by 
the British Isles ; we see plainly that the forces which pro- 
duced this lateral compression of the rocks were called into 
being by the sedimentation itself. 

We have seen that the forces active during the period of 
volcanicity in Wales, whatever may have happened at greater 
depths, did not fold or laterally distort the deposits then beipg 
laid down. It was only when the vents became sealed up by 
an enormous deposit of Upper Silurians that the pent-up and 

• " Geology of the Northern part of the English Lake District." Mem. 
Geol. Surv. (1876), by Clifton Ward. 
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growing forces developed by rising heat acted upon the over- 
lying mass of rocks by cubical and lateral expansion. The 
amount of mountain-building and lateral disturbance of 
the strata is proportionate to the resistance to be overcome. 
The very deposits, the weight of which causes the resistance, 
call into being, or rather excite, the forces that overcome 
them, namely volumetrical and horizontal expansion by -heat. 

This development of energy was accompanied by further 
volcanic action, as shown by the pipes and dykes of trappean 
rocks that penetrate the strata, as well as by the bosses of 
porphyritic felstbne which are a feature in North Wales. 

The behaviour of the rocks under the increasing lateral 
compression differed acc6rding to their thickness and internal 
strength. The massive beds in North Wales bent under the 
strain into great anticlinals and synclinals with sweeping 
curves, while the areas of more thinly bedded rocks were 
more acutely bent, folded, and tightly compressed. 

But it was in the North of Scotland that the subterranean 
forces made the most terrific display. Here the Archaean 
floor was forced up in great tongues and loops, extending and 
lengthening the Paleozoic strata above by detrusive compres- 
sion. Under the combined influence of the uplifting masses 
below, and the lateral advance of the overlying strata from 
the flanks, the old and new rocks became inextricably 
entangled. They were over-folded, over-faulted, and even 
in one case, according to the geological surveyors, pushed 10 
miles one over the other, so as to deceive even the experienced 
geological eye into a false appearance of geological succession. 

As we have seen, though the forces concerned in these 
great movements were mainly acting from the North-west 
and South-east, there was really a compressive movement 
acting centripetally, as shown by many examples given of the 
domical form of the anticlinals, and the elongated basin shape 
of the synclinals. The probability is that the major axis of 
the area of Cambro-Silurian deposit was approximately in 
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the direction of the major axis of the ellipsoidal anticlinals 
or domes^ that is in the direction of the strike of the rocks. 

At or towards the close of these great upheavals^ lasting 
eras of geological time^ the Old Red Sandstone was deposited. 
We have seen how in Western America during the 
upheaval commencing towards the close of the Cretaceous 
period^ and ending in the Rocky-Mountain^ Plateau^ and 
Great Basin Systems^ great denudations took place accom- 
panied by the deposition of immense thicknesses of Tertiary 
strata^ both freshwater and mai*ine. I take it that the Old 
Red and Devonians of Great Britain represent a somewhat 
similar succession of events — ^great inland seas^ freshwater 
lakes, and contemporaneous marine deposition. 

It was^ as Sir Andrew Ramsay clearly shows^ a continental 
period *. 

Again^ there was an exhibition of volcanic energy on a large 
scale ending in subsidence and the marine conditions of the 
Carboniferous Limestone. 

The Carboniferous period appears to have been ushered in 
by distinctly sea conditions^ as shown by the enormous 
development of Carboniferous Limestone in Derbyshire^ the 
North of England^ the Mendips, and a large part of the area 
of Ireland. In Scotland the deposit is represented by the 
Calciferous Sandstone. It is not alone by the actual bulk of 
what is left that the extent of these deposits must be judged, 
but also by the remnants exceptionally preserved from wide- 
spread denudation. 

To Prof. Judd^s researches we are indebted for a more 
distinct knowledge of this fact. He was the first to 
thoroughly grasp the idea that most of the greater divisions 
of the later geological series had a much wider extension in 
Great Britain than the evidence at first appeared to warrant. 
After the sea conditions, the shallow-water and coal 
conditions came in^ and many thousands of feet of alternating 

♦ * Physical (Geology and G^eography of Great Britain/ 
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sandstones^ grits^ shales^ and coal-beds were laid down in 
particular areas. From the very nature of these deposits 
it follows that they could not be so widespread as those laid 
down in sea-beds. The conditions were principally estuarine, 
and the detritus must have been worn off some great conti- 
nent. One of the most striking facts of Geology is the 
almost exact parallelism of the coal-bearing strata in Nova 
Scotia with that in England, and it would seem to point to a 
community of origin. Whether they were derived from one 
continent, which seems not improbable, or whether similar 
conditions prevailed on the two sides of the Atlantic at the 
same period, which seems less likely, it constitutes one of the 
most salient facts in stratigraphical geology ^. 

During and after the deposition of these great contempo- 
raneous formations there were displays of volcanic energy ; 
but only after the deposition of thousands of feet of rocks 
over thousands of square miles did mountain-building again 
begin. We see the result of upheaval, lateral expansion, and 
consequent folding in the Pennine Chain, in the Mendips, in 
the great mountain-masses of Benbulben and the Burren in 
the West of Ireland, and in Scotland in the folding of the 
Carboniferous rocks in the basin of the Firths of Forth and 

Clyde. 

Here, again, as I have pointed out, the anticlinals take an 
elongated or boat-like domical form, which, together with the 
normal form of coal-basins, shows that the pressure has been 

• Sir Charles Lyell has dwelt upon this fact, and more recently Prof. 
Hull has discussed it in his able paper, *^ On the Geological Age of the 
North Atlantic/' also in a letter to * Nature/ Sept. 23, 1886, p. 496. Sir 
William Dawson, in his Presidential Address to the British Association, 
points out that the Carboniferous strata extended eastward from America 
into the Atlantic. The question of ** how far " into the Atlantic has 
not been settled, and will probably remain an open one for some time, each 
geologist deciding according to his particular bias, the evidence not being 
of a nature sufficiently conclusive to bring about a general agreement. 
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centripetal. The directions of the axes of npheaval have 
not the parallelism that distinguishes the Cambro-Silurians ; 
there was not that preceding uniformity of deposition^ nor 
were the British deposits of anything like the same impor- 
tance, excepting commercially, as those of the preceding 
periods. 

I have already alluded to Prof. Judd^s discovery of Car- 
boniferous strata in the Highlands of Scotland preserved 
by a basalt capping and by being dropped down at least 
2000 feet between other strata by faulting*. 

Even if we had not these evidences for our guidance, we 
might conclude that the Carboniferous formation originally 
extended far beyond its present boundaries in Scotland. The 
central coal-field of Scotland is preserved in precisely the 
same way by being dropped down bodily between great faults 
having a direction approximately parallel to the general strike 
of the underlying Silurians. 

It is clear that this is a downthrow, and it follows as a 
matter of stratigraphical demonstration that the Carbon- 
iferous area must be only part of a vast sheet of similar 
deposits that overspread probably the larger part of Scotland. 
This is, I consider, a great example of contraction faulting, 
and cannot reasonably be explained by upheaval. Indeed 
most of the faults in the Carboniferous strata that I have 
seen in the British Isles are in my view normal or contrac- 
tion faults. They are in such cases later than the foldings 
accompanying the mountain upheavals. 

This continental period was accompanied again by the 
phenomena that followed the Silurian upheaval. Great 
inland seas and freshwater lakes, in which the Permian beds 
of the Vale of Eden, and the Triassic beds, so strongly 
developed in Cheshire and Lancashire, were laid down^ 
remains of the Triassic being also strangely preserved by 

* Address Geol. Sect. British Assoc. 1885, p. 13 of reprint 

Y 
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fiELuIting in County Louth^ Ireland^ and even among the Old 
Bed Sandstone of Elgin^ Scotland. 

It is evident that here^ again^ we have only the remnant 
of a great formation^ the lithological similarity of which over 
extensive areas is a striking proof of unity of origin. Prof. 
Judd points out that the Trias of Scandinavia^ consisting of 
variegated sandstones and conglomerates containing much 
calcareous material^ is absolutely undistinguishable from that 
of the Western Highlands. 

To this recurrent land-period succeeded the estuarine and 
marine conditions of the Bhsetic and Infra-Lias formations, 
thinly developed in England, but reaching in the Highland 
districts a grand development and great thickness, and 
containing thin seams of coal. 

Estuarine and marine conditions continued throughout the 
whole Jurassic period, as attested by the prevalence of Ferns, 
Cycads, and Conifers, with alternations of marine forms of 
life. 

In the Upper Jurassic of Sutherland, not less than 1000 
feet thick, are found evidences of mighty rivers, the banks 
of which were dotted with tree-ferns, cycads, and gigantic 
pines *. 

Again a period of elevation and land conditions set in, 
represented by the Neocomian, in which no traces of marine 
deposits occur. Enormous denudation again followed the 
upheaval and preceded the Cretaceous epoch. 

It is probably in this period that most of the disturbance, 
flexing, and faulting of the Triassic beds occurred. The 
Cretaceous formation is found resting in turn upon every 
member of the Jurassic, the Bhsetic, and the Trias, and all the 
difierent Palseozoic and Archsean rocks, thus attesting the 
energy and endurance of the subaerial agencies. To this 
period also belongs the Wealden, so that the conditions 
usually following upheavals again recurred. 

♦ Ibid- p. 14. 
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The Cretaceous^ represented in England mainly by the 
Chalky and variously considered by eminent geologists^ 
according to their speculative bias^ as of deep oceanic or of 
shallow sea origin^ now succeeded. 

The period of time represented by these calcareous 
deposits must be enormous^ and whatever the depth of water 
was in which they were deposited^ the conditions were 
entirely difiPerent to any that had preceded them in the 
British area. 

After these widespread and probably oceanic deposits had 
accumulated through untold seons of Geological time^ 
continental elevation occurred. Subaerial waste followed 
elevation^ and the period of terrestrial conditions must have 
been proportional to the time of previous deposition. At all 
events it is considered that the greatest known palseonto- 
logical break occurs between the Cretaceous and the Tertiary. 
The elevation in Britain was accompanied mostly by gentle 
flexuring of the strata and by faulting. 

We have seen that this period was in America one of great 
mountain-buildings which has continued almost to the present 
day. The amount of sediment and calcareous matter which 
covered the sea-floor of Britain^ though representing an 
enormous lapse of time^ was small in thickness compared 
with the American Cretaceous : hence^ as surely as effect 
follows cause^ the compression^ bending^ upheaval^ and 
general disturbance of the strata was proportionately less. 

No mountain-range was developed^ only low domical 
anticlinals like that of the Weald. 

The Tertiary now succeeded, and very little sedimentary 
and stratified deposits of this period occur in the British 
Isles. It was in the North of Ireland and the West of 
Scotland essentially an age of volcanoes and the outflow of 
vast sheets of basalt. Prof. Judd has so ably developed this 
part of the subject that little is left for others to say. To 
the volcanic outflows, as he shows, we owe the preservation of 

t2 
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many interesting vestiges of a bjgone era. Great volcanoes 
were built up, immense floods of lava deluged the country. 
The rocks were riven by dykes ramifying over a large area. 
Unfortunately we are at present unable to tell what effect 
these Subterranean forces had upon the ground outside of 
the area to which the remains of the igneous outflows are 
now confined. 

We know that during this period no great mountain-range 
was built up in Britain ; there were no sufficiently great 
masses of sedimentary deposits for the subterranean forces 
to act upon. 

It is certainly remarkable that both in Britain and far- 
off Western America, though the conditions of equivalent 
deposits were so dissimilar, the same order and succession of 
events, broadly speaking, followed. 

The upheaval began in the Cretaceous in both areas, and 
terrestrial conditions more or less persisted to the present 
time, broken here by what is called the great glacial submer- 
gence. It appears to have been a time of denudation for 
both countries. To this fact is due no doubt the destruction 
in the North-west of England of all the beds from the 
Cretaceous down to the New Red Sandstone, and also a large 
part of the latter. That these formations, and it may be 
representatives of the Tertiaries, formerly covered this deeply 
denuded country there can be little doubt. 

The outliers of Lias in part attest this, and also the general 
distribution of the Oolitic and Cretaceous rocks. They have 
most probably been worn back by atmospheric agencies from 
the Irish Sea eastward to the Oolitic escarpment traversing 
England from the South-west into Yorkshire. 

This is but a very slight outline sketch of the phjrsical and 
geological history of the British Isles, but it has been 
sufficient to bring before us the normal order and succession 
of geological events with considerable clearness. 

Shortly stated they are as follows : — First, great accumu* 
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lations of marine deposits accompanied by subsidence. 
Second, upheaval of the sediments, folding, flexing, long 
continued terrestrial conditions, and great denudations, 
accompanied by the deposition of sediment in freshwater lakes 
or river valleys. Third, subsidence followed by estuarine 
alternating with marine sedimentary deposition, and then by 
purely marine conditions. Fourth, the accumulation of 
littoral sediments in great areal masses. Fifth, alternating 
estuarine and marine deposition. Sixth, upheaval, folding, 
flexure, and a recurrence, with variations, of this succession 
of events. 

Such is the geological cycle of recurrent periods. No 
two periods are precisely alike, and the geological record in 
any particular area is not always perfect. We have seen firom 
geological history that the succession of deposits usually 
follows in this order ; and we have I hope by this time been 
able to satisfy ourselves why such a succession must result 
from the natural conditions of geological change which it 
has been the object of this treatise to investigate. It is a 
very interesting and striking fact that we should in this 
little isle of ours possess such a complete series of geological 
records, none the less complete that they need interpreting 
by the aid of the geological history of adjoining or distant 
provinces. 

We have found in the progress of these investigations that 
the key to geological difficulties must often be sought else- 
where. It is thus by studying the work of geologists of all 
countries, comparing and uniting the observations and views 
of various minds working under different conditions and with 
perhaps different standards of measurement, but withal 
possessed of a central desire to get at the heart and truth of 
things, that the great cause of geological science is best 
advanced. 



CHAPTER XXXII. 

OUTLINE OF THE THEORY OF THE ORIGIN OF 
MOUNTAIN-RANGES BY SEDIMENTATION ACCOM- 
PANIED BY LOCAL CHANGES OF TEMPERATURE 
IN THE EARTHS CRUST, 

Mountain-Ranges are ridgings up of the Earth's crust which 
take place only in areas of great sedimentation. 

The exciting cause of the various horizontal and vertical 
strains ending in the birth of a mountain-range, is the rise 
of the isogeotherms and consequent increase of temperature 
of the new sedimentaries, and that portion of the old crust 
that they overlie. 

This rise of the isogeotherms, the direct result of sedimen- 
tation, by a series of reactions described in detail in the body 
of this work, evidently produces an accumulated tempera- 
ture much in excess of its normal effect. 

The rise of temperature exerts a tendency to expand the 
new sedimentaries in every direction, in proportion to their 
extent and mass. The tendency to expand horizontally is 
checked by the mass of the Earth's crust bounding the locally 
heated area. The expanding mass is therefore forced to 
expend its energies within itself; hence arise those foldings 
of lengthening strata, repacking of beds, reversed faults, 
ridging up, and elevatory movements which occur in varied 
forms, according to the conditions present in each case. ^ 

The upper layers of the Earth's crust being less and less 
affected by these variations in temperature as the surface is 
neared, are by the ridging-up thrown into a state of tension, 
while the lower beds of the sedimentaries are in a state of 
energetic compression. The mean rise of temperature of 
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the whole sedimentary mass is half the total rise of the 
lowest beds. 

The old crust and old sedimentaries forming the floor on 
which the new deposits were laid down are to a considerable 
depth, which cannot be accurately predicated, equally affected 
by the rise of temperature ; that is, the rise of temperature of 
the upper bed or old floor means an equal rise of temperature 
of the whole mass down to what I have called the isogeotherm 
of fusion, or 3000° F. 

The cubical expansion of this second mass is greater than 
that of the overlying sedimentaries. Old, previously plicated^ 
faulted, and eroded strata are driven together into new bend- 
ings and convolutions. Below a certain depth — '^ the zone of 
flowing '^ as I have called it, which varies with the nature and 
strength of the rock — a new mechanical element comes into 
play. In place of repacking by folding, the rock under the 
enormous pressure produced by expansion^ which cannot be 
satisfied horizontally, j^ou^« along the lines of least resistance. 
These lines are situated along the axes of anticlinals^ which 
the flowing rock in uplifting extends by what I have called 
COMPRESSIVE EXTENSION. In this way the gneissic axial 
cores distinguishing most great mountain-ranges are squeezed 
up, the sedimentaries being frequently involved and nipped 
between the expanding anticlinal tongues. Similarly fan- 
structure is developed together with all the varied forms 
which axial mountain-cores assume. 

The cubical expansion of the mass being driven to expend 
itself along these mountain axes, an actual transference of 
material takes place, which gives permanence to mountain 
forms. 

It is also this peculiar development of subterranean force 
which in great upheavals almost invariably brings up the 
Archaean rocks as protrusions among the newer rocks, they 
being eventually laid bare to our view by denudation. 

From the time of gestation to the complete growth of 
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a mountain-range, which covers an immense period of 
geological history, constant variations in temperature are 
taking place in the subterranean mass ; each rise of tempera- 
ture^ however small, marks an expansion and increment of 
growth, and it is the accumulated effect of these successive 
efforts which we see in the total result. 

Strata are not lengthened continuously, but by small 
increments, or expansion-creeps. 

According to the conditions present, so will be the effect 
of cubical expansion. Both horizontal foldings and vertical 
uplifts are expressions of the same force. The form the 
mechanical effect will assume is dependent upon the plasticity 
or rigidity of the materials of the Earth^s crust acted upon ; 
hence from modifications of the same force may arise the 
parallel folds of the Appalachians or the Jura Mountains, the 
gneissic tongues of the Central Alps or the North-western 
Highlands of Scotland, the Uinta form of simple anticlinal , 
the monoclinal plateaus of Utah, or the great Merionethshire 
dome. 

Normal faulting is the result of contraction, and is 
usually posterior to the folding. It results from the pre- 
viously expanded rocks returning to their original volume. 
Hence a normal fault is necessarily a downthrow; for in 
shrinking to their original volume, from the necessity that 
the crust should be solid, unequal subsidences occur. Above 
the zone of flowing the strata shear into wedge-like forms 
and key up the contraction-interspaces by subsidence, which 
takes place to the larger extent in the blocks that possess 
the smaller bases. It is from this cause that normal faults 
usually hade to the downthrow. 

Below the zone of flowing, the rocks, while shearing, close 
up the fissures by compressive extension, thus adding to the 
general subsidence of the surface. 

It is thus apparent that all the phenomena of mountain- 
bidlding are the result of local variations in temperature 



ORIGIN OF MOUNTAIN-RANGES. 329 

of the Earth^s crust, caused by the reaction of surface 
influences on the heated interior. Every rise of temperature, 
whatever its amount, in the locus of a mountain-chain tends 
to elevation and permanent ridging up by a lateral displace- 
ment of materials. Every fall of temperature produces a 
proportionate vertical subsidence of the surface over the 
district affected ; but as the materials laterally ridged up in 
mountain-ranges by expansion cannot be drawn back again 
during contraction, there remains a permanent total of uplift 
in the range with every rise of temperatxire, that can only be 
removed by atmospheric denudation. In this way mountain- 
ranges become permanent features on the Earth^s surface, 
notwithstanding the vicissitudes of the larger areal subsi- 
dences and elevations that take place, and the subsidences 
due to faulting. 

During the enormous periods of time consumed in the 
building of a mountain-range after elevation has begun, an 
almost infinite number of local changes of temperature must 
occur. However small these changes may be, they all work 
towards the same end. Thus ten changes of ten degrees 
each would nearly equal in total effect a change of one 
hundred degrees. We have seen in the case of metal 
sheets that, although on contraction they almost recover 
their original form, repeated small changes produce rapid 
distortion. How much more so must this be the case with 
the Earth^s crust, the materials of which possess less tensile 
strength, while their weight is by comparison infinitely 
great. None of the material of the Earth laterally displaced 
by expansion can be drawn back by tension, as is the case 
with metal plates ; consequently the elevation is more rapid 
and effective. 

Further, we have impressed upon us the great fact again and 
again brought out by geological study, namely, the important • 
accumulated effects wrought in nature by small recurrent 
causes. When we view a mountain massif, like that of 
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Mont Blanc^ it may be difficult to realize that the recur- 
rent forces of expansion conld have built up so imposing a 
structure. It is, however, in relation to ourselves that it 
appears such a tremendous mass ; compared with even a 
small portion of the Earth's crust, from which it is derived, 
it is a mere nothing ; while the whole of the mountain-ranges 
of the Earth, as is often pointed out, are almost imperceptible 
excrescences on the surface of the globe, considered as a 
plane on which they stand. 

Again, when we find that ordinary atmospheric changes 
produce such remarkable contortions in metal exposed to 
their influence, it would be strange indeed did not the greater, 
though slower, changes which take place in the Earth's crust 
in connection with sedimentation produce upon it an equi- 
valent effect. It seems remarkable that this should not 
earlier have been perceived. The changes of temperature 
have been fully recognized, but their effect on the Earth's 
crust has been but partially apprehended. 
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PLATE XLn. 

Figs. 1 & 2. Experimental illustrations of the sliding of beds upon each other 
through anticlinal and synclinal folding. Fig. 1 represents the 
edges of a series of strips of paper ; a, a, a are parallel lines ruled 
upon the edges, the paper being compressed while this is being 
done. Figt 2 represents the combined strips, part of which is 
shown in %. 1, bent into folds. B B are pieces of wood tightly 
gripping the paper strips at b, and nailed to the board against 
which the strips are folded. From G to B the combined strips 
are bent into open folds, from D to B into closely appressed 
folds. The strips are kept in place by French nails driven into 
the board. 

It is seen that the lines a, a, a,. prcTiously parallel and at 
right angles to the strips, are now at all angles to the strips and 
to each other, showing that the individual strips of paper have 
moved on each other during, and in consequence of, the folding. 
(See p. 210.) 

Fig. 8. Diagram to illustrate the improbability of normal faulting having 
a considerable hade, being the result of uplifting. 

Let A B represent faulted strata and e/ the inclined throw ; 
then if the block D be uplifted, the rocks on one side or the 
other must move horizontally through the distance between the 
vertical lines g A, that is they must be compressed or folded to 
that extent. It is contended that the additional force brought 
to bear upon the block D, in consequence of its base being larger 
than the base of the block 0, will be insufficient to produce tliis 
lateral compression, as less force would be expended in lifting 
both blocks paripasm than in wedging the strata on either side 
of the fault into a less horizontal space. (See p. 240.) 

Figs. 4, 6, & 6. Experimental illustrations of the movements of bedded 
rocks in folding, by varied applications of lateral pressure. 

The apparatus consisted of a wooden trough open at the ends, 
into which were fitted two sliding compressing bands^ each 
formed of a strip of zinc bent round in horseshoe form and over- 
lapping each other in the middle. The compression-chamber 
or contortion-box was then filled with the material to be acted 
upon, which in figs. 4, 5, and 6 were layers of a fine tenacious 
clay. The pressure was applied with a cramp against blocks of 
wood sliding in the wooden trough and acting on the zinc bands. 
The layers of clay were free to move vertically. I am indebted 
to the Rev. F. F. Grensted, M.A., for aid in the construction of 
this apparatus, and to the assistance of my sons in carrying out 
the experiments. 
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Fig, 4. In this experiment layers of day^ represented by numbers 1 to 9^ 
were placed in the contortion-box. Between each of the layers 
were fitted two pieces of calico, a, a, a, to prevent the beds 
adhering together. The zinc chamber in this case had rounded 
ends. On pressure being applied; the beds rose up in the 
anticlinal A, which fractured at h, as shown. The clay in this 
experiment was a little softer than in experiments figs. 5 & 6. 
It will be observed that the anticlinals increase in size from 
the bottom layer upwards, until the maximum is reached ct 
the surface, precisely as previously worked out theoretically in 
Plate XVII. fig. 4, p. 117. 

In consequence of the ends of the compression-chamber being 
rounded, the pressure as the rounded ends approached each other 
became slightly converging, the result being that in cross section 
the layers are a little convex (as shown by the line c) like a trun- 
cated dome. The size of the finished block is now 6 inches long 
by 4^ high by 2\ inches wide. The thickness at (I e is a little 
more than the original thickness of the pile. Each layer can be 
removed so as to show the form of the under layer, as the 
calico-partings prevent the layers adhering. 

Fig. 5. This experiment was made with stronger and thicker layers of 
clay, five in all, well greased on the surfaces to allow of sliding 
taking place. Stepped blocks of wood were placed in the com- 
pression-chamber, so that the ends of the series of day-layers 
being cut square, the compression acted first on the bottom 
layers and so on upwards. In consequence of the zinc plates 
gripping the sides of the layers, the whole was at the same time 
pressed bodily together, though the bottom layers were the most 
compressed, as shown. 

The antidinal, B, did not begin to rise until a good many turns 
of the screw had been put on. When once it began, the 
rise was rapid. The result is seen in the diagram, which is 
accurately drawn to scale. The anticlinal fractured at the apex, 
as shown. 

In consequence of the compression applied being greater at 
layer No. 1 than at the surface-layer No. 6, the core of the anti- 
clinal is better developed than in fig. 4. This experiment repre- 
sents what takes place in nature in a series of beds below the 
surface, where all the layers expand, but the bottom one expands 
the most, according to the theory expounded in this work. 

The length of the block before compres.sion was 13^ inches ; 
after compression it measured llf inches from C to D^ and 
14^ inches over the surface of the anticlinal. The upper layer 
was thus shortened horizontally to the extent oi'\^ inch, and 
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lengthened 1 inch measured over the anticlinal ; thus illustrating 
the principle explained in pp. 167-174. 

In one experiment I made of a similar nature the original 
length of the clay series was 9 inches. After compression, the 
top layer measured horizontally 8f inches, and over the anti- 
clinal 9f inches, the fracture at the apex being considerable. 

Fig. 6. In this experiment the stepped blocks were reversed, so that the 
greatest compression came upon the top layers, the layers being 
greased as before ; the result, as shown, was a series of anticlinal 
bends with cavities between them and the imder layers. If a 
compression were produced in the crust of the Earth by it 
following a shrinking nucleus, and the layer a represented the 
neutral zone between the shell of compression and the shell 
of contraction (see Plate XVIII. p. 123), and the top of layer b 
represented the surface of the Earth, the foldings that would 
take place (as explained in Chapter XI. pp. 121-126) would 
assume the form they have done in this experiment. 

I leave the reader to decide whether of these examples of folding, 
No. 5 is not the most like Nature. 

I may add that these experiments are selected out of a number made, 
and that I have succeeded in producing two overturn anticlinals with 
a closely appressed synclinal between them. In all cases the apices 
fractured J the top layer, except in the case of very soft clay, after 
compression measuring over the sinuosities more than it did before the 
pressure was appHed. 
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Carboniferous, 63, 67. 66, 77, 80,81, 82, 
83, 162, 184. 220, 221, 223, 224, 226, 
227, 229, 231, 233, 238. 300. 

Age. 171 ; beds of Scotland, 32; 

of Clyde Valley preserved by faulting, 

• 36 ; area extended into the Atlantic, 
33-36 ; strata, 31, 32 ; of Bockies, 43, 
46 ; extension under Pacific, 301. 

Limestone, 177. 179 ; of Derby- 
shire and Ireland, 32; of Britain, 
319 ; jointing in, 282. 

continent., position of, 320. 

formation, basal beds limestones, 



86. 

— Period in Britain, 319. 

— rocks, pUcated platform of, 292. 

— strata preserved by faults in the 
Highlands, 321 ; former extension of, 
321. 



Carboniferous Syitem, 276; of the 
United States, extent of, 33. 

Careening of block by faulting, 236. 

Caspian Sea, 86. 

Cause of ponTolutions in Anglesey 
schists, 202. 

Cayities cannot .exist in Earth's enut 
below a certain depth, 91 ; not poodble 
in folding of rocu, 165. 

Cedar, 237. 

Cemmaes Bay to Bull Bay, 195, 19a 

crystalline limestone, 195. 

Central Alns, 157, 173, 176; fan-stmo- 

ture of, 96 ; section of^ 98 ; orystaUine 

district of, 137. 

America, 302. 

Asia, 310. 

Coal-field of Scotland, 321 . 

fold with subordinate parallel 

147. 

Wales, 184. 



CentreviUe synclinal, 213. 

Centripetal compression, 318 ; and Ter- 

tical uplift, 231. 

pressure, 192, 204, 320, 321. {See 

Converging.) 

Chain of pits and craters from TTIIit^^ ifni^ 
260. 

Chalk, contortions in, at Staple Nook. 
218. 

, shallow or deep-sea oriirin of. 

323. 

Change, from strata of sb'ght inclina- 
tions to vertical beds, 219. 

of level, caused by cubical expan- 
sion, 270 ; is it the sea or the land ? 
Lyell's view, 269. 

of volume in the mass below the 



Earth's crust, 267, 268, 270. 

Changes by sedimentary deposit, limit 
ofdepthto, 271. 

Changing conditions of space, how beds 
adapt themselves to them by foldinf 
210. ^^ 

Characteristic features of Highland dis- 
trict are of Tertiary Age, 83. 

Chamwood Forest, 316. 

Cheat Biver, 214. 

Chemical reactions, due to melting of 
rocks, 264; in the Earth's magnuL 
268 ; a conservative force, 119. 

Cheshire and Lancashire, Tiiaasic of. 
321. ^ 

Chester County, 143. 
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Ohestnut Bidge, 213. 

Chevron folds, 200, 216, 217. 

Chicago Lake, 45. 

Chilian CordiUera, 67; stracture and 
geology of, 68, 69, 70. 

China quarry, 196. 

ChittagoDg region, 62. 

Chronological break between Archiean 
and overlying rocka, 150. 

Cimmaron axis, 48. • 

Circumferential compression, 239. 

shrinkage of the lower zones of the 

Earth's crust, 121; calculation of, 
122. 

Clarach Bay, 186, 186, 187. 

Clark Kinnear, 21, 91, 100, 107. 

Clay, experiments on compression of 
layers of, 331, 332, 333; with caUco 
partings, 117. 

Clay-slate, 186 ; of Andes, 67. 

Claypole, Prof., 170, 171. 

Clear Creek Canon, 45. 

Cleavage, 186, 191, 198 ; and bedding, 
192 ; planes at risht angles to pres- 
sure, planes parallel to bidding, 191 ; 
planes undulating, 281 ; of quartzites, 
282 ; dip and bedding, 280, 281 ; and 
foliation of Chilian Cordilleras, 69 ; 
not present in contorted rocks of £. 
Berwickshire, 183 ; crossing axis of 
dome, 187 ; in gneiss, 144 ; in the 
Oxfordian and Neocomian, 279 ; ori- 
ginal verticality of, 281. 

Cleavage-foliation, 138, 284 ; and sheen 
surface, 138. 

Cliffs, near Borth, 187; produced by 
faults, 224; opposite the South Stack, 
Holyhead, 202. 

Cluses, Talley of, 279. 

Coal-basins, why concaye, 204; canoe- 
shaped in Pennsylvania, 206 ; Shenan- 
doan, Ellangowan, Mahanoy, and 
William Penn, 207; complicated 

" folding of, 208 ; sur&ce areas com- 
pared with areas of beds, 209. 

Coal-bearing formation in Bocky-Moun- 
tain district, 43. 

Coal-beds, average thickness of, 209. 

Coal-measures, 32 ; sections of, 105 ; ex- 
tension of, across lakes Erie and On- 
tario, 36 ; highest pile of, like layers 
of a sea-shell, 38. 

Coal and Carbonaoeous shale, 57. 

OoBst denudation, 184. 



Coast-Bange of California, 168, 170; 
metamorphosed rocks of, 134. 

Coefficients of expansion of rocks, diffi- 
culties of determination of, 107 ; 
author's experiments, 108; author's 
table of, 109, 110; Adie's table of 
110, 111 ; Col. Totten's table of, 111, 
112; mean, 112. 

Colchester, 290. 

Collapse of boiler-flue, 169. 

Collapsing crust, vitality of theory of, 
264. 

Collmgwood, W. C, 98, 234, 279. 

Colorado plateau, 224 ; system, 64, 173. 

Bange, 220. 

BiTer, 68. 

Complex, conyolutions, 188 ; nature of 
anticlinal and synclinal curves, 186. 

Complicated plications, 194 ; inversions, 
62. 

Compound fluid matter, behaviour of, 
267. 

metals formed by pressure, 163. 



Compression, of crystalline rocks, 137; 
due to sedimentation, 94 ; of rocks at 
8 miles deep, 290; effects of, upon 
rocks, 164 ; centripetal character of, 
in crust, 166 ; of the Earth's crust by 
secular refrigeration, 121-128 ; flex- 
ures and contraction-faults, 261 ; of 
rock at great depths, 90, 163. 

Compression-faults, 187, 190. 

Compressive action may manifest itself 
gradually or catastrophically, 261. 

extension, 104, 173, 176, 226, 233, 

234, 327, 328 ; prevents tension in 
Earth's crust, 126. 

strain, parts of crust under, by ex- 



pansion, 294. 

Concentric belts, 229. 

Concretions, siliceous, 186. 

Conditions of Mountain-building, 86, 
86, 87, 88, 263. 

Conemaugh, 213, 214. 

Cones, building of, 258. 

Conform'ability of Cretaceous and Trias, 

in Bockies, 46. 
Conglomerate, monoclinal ridge of, 244. 
Conglomerates, 61, 68, 137, 196. 
Congo Biver, 308. 
Conifers, 322. 

Coniyeall, OTerfold of^ explained, 142. 
Consolidation oi axes of antidinals, 

214. 
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Gontaoti with molten matter inauffioient 
to produce fusion, 95 ; of granite and 
BohiBt, 146. 

Continental, epochs, 80 ; periods, 320 ; 
slope of die Atlantic, Slo ; areas and 
mountain-building, 300 ; deundation, 
320. 

Continuity, of land areas, 310, 311 ; of 
Earth's crust preseryed, 104 ; of cur- 
vature of ooal-Dasins, 205. 

Contorted rocks, 175; Silurians near 
AherystwTth, 184-192; in bedded 
rocks, 167-193; in metal by atmo- 
spheric changes, 330. 

Contractile tension may affect the 
Earth's crust in masses, 100. 

Contraction, normal faulting due to, 
99-105 ; of rocks greatest where 
previously expanded, 100; and ex- 
pansion faults, 238; after volcanic 
energy is spent, 268. 

of the Earth, Mallet's calcula- 
tion, 124; supposed oonsequenoee of, 
170; theory of; tested, 171, 172. 

Contraction-faulting, great example of, 
321. 

Contraction-interspaces, 328. 

Converging pressure, 186, 215, 222. 
{See Centripetal.) 

Conversion of longitudinal into trans- 
verse motion, 294. 

Convoluted structure, between Holy- 
head and Perth dafarch, 197, 199 ; 
at Forth dafarch, 127-200; puck- 
ering, 196, 197, 199; frilling, 197, 
199; chevron-folds, 197, 198; cliff 
section at Forth dafarch, 197, 200 ; 
on minute scale imitates that on groat 
scale, 200 ; simulating brackets, 200. 

Convulsions in Rockies, most marked on 
easterly lines, 47. 

Cooling of the Earth, effect of, con- 
sidered, 125 ; and mountain-ranges, 
158. 

Copiapo, 67. 

Coralline and Bed Crag, 79. 
Cordilleras of Western U.S., 22U. 
Core of synclinal, 178; of anticlinal, 

186. 
Cores of mountain-ranges. 48, 176, 177. 

Corrugation of the Earth's surface not 
due to secular contraction, 125 ; effect 
of local expansions, 156. 

Couch of molten rock, 114. 

County Louth, Triassic of, 322. 



Coyote Creek, synclinal, 48. 
Craig-las, 185, 187, 189. 
Craigs of Chorchew, 180. 
Crater-rings in the Moon, 127. 
Craven fault, 80, 81, 82, 296. 
Cretaceo-Oolitio, 68, 70, 73. 

Cretaceous, 66, 78. 84, 134, 221, 223, 
229, 231, 233, 250, 302, 322, 323 ; <^ 
U.S., 292; of Western America, 
294. 

Eocene of Flateau province, 57, 

58. 

period, vegetation of, 85 ; in Ame- 
rica compart with Britain, 323; 
conditions of, 86. 

and Laramie beds, vertical and 



planed by erosion, 52. 

of Bocky Mountains, 43 ; rest on 



metamorphic rocks, 45; involved in 
fold, 46 ; forming maflses, 47 ; ridges 
of, in Canada, 52. 

Croll, Dr. Jae., 304. 

Crosby, W. 0., 283. 

Cross swells in Andes, 66. 

Crowns of antidinals, 180 ; remoTed by 
denundation, 173, 230. 

Crumpling of the Earth's crust by lose 
of rotational velocity, 131. 

Crushed gneiss resembling clastic rocks, 
160. 

rock in anticlinal fold, 191. 

Crushing, may follow from expansion. 
132 ; of stone, experiments on, 101 ; 
of conglomerate, 195 ; of gneissic 
rocks and granite, 160; effect of, in 
the Alps, 161. 

strengths of rocks, &c., 91. 

Crust of the Earth, heat developed in 
collapsing, 4, 5 ; rigid as steel, 6 ; 
effects of local change of temperature, 
o. 

Crystalline schists, due to crusliing, 
137 ; and gneiss possessed their cha- 
racteristics before SiluriaTis were de- 
posited, 139 ; in Falaeozoic conglome- 
rates, 139 ; in Basin-ranges, 53. 

characters of Archsan rocks, how 

produced, 158. 

core, 141. 

limestone quartzite, &c., associated 



with mica-schists, 139. 

series of Central Alps, 137. 

Crystals in gneiss affected by pressure. 
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Cubical expansion, 168, 174, 227, 327 ; 
the most powerfuJ factor in mountain- 
building, 90 ; effects of, on Earth's 
crust, 112, 113, 114; illustration of 
several effects of, 117 ; calculated 
effect of, on Archsan rodu, 151, 152, 
153; of deep-seated matter, 299; 
application of, to Plateau uplifts, 225, 
2oo ; effect of, on volcanic action, 256. 

Culebra Mora Bange, 48. 

Cumberland Coimty, 170. 

Cumbre range, 68. 

Currant Creek, gneiss and schist of, 144. 

Curvature of Himalajas, 63. 

of massive sandstone, 225. 

Cycads, 322. 

C^cle, geological, 325. 

DAKOTA, 231. 

Dalbousie, 64. 

Damtida beds, 66. 

Dana, Prof. J. D., on theories of 
mountain-building, 6 ; on Palaeozoics 
of Appalachians, 36; on various 
subjects, 43, 59, 71, 85, 86, 89, 151, 
255, 270, 312. 

Darwin, Dr. Chas., 67, 68, 69, 70, 73, 
1 15, 256, 270, 283. 

,Dr. G. H., 6, 306. 

Daubr^e, 41, 157, 200, 284. 
Dauphin County coal-basin, 208. 
Davis, J. W., 218. 

Dawson, Dr. G. M., on Bocky-Mountain 
system in Canada, 52. 

Dawson, Sir W., 255, 257, 264, 312 ; 
on section of South Joggins, 34. 

Dead-planet period, 310. 

Deccan lava, 255. 

Decrease of temperature, fissures caused 
by, 103. 

Deep-seated force and displacement, 244. 

Definite areas, tendency of detritus to 
accumulate in, 307. , 

Deformations and distortion of rook, 180. 

Degradation of Uinta uplift, 246. 

De la Beohe, Sir H., 177. 

Deltaic deposits and loading, 297. 

Deltas, submarine, 313. 

Denudation, 221, 222, 223, 226, 227, 
295, 305, 329 ; in high jpround, 29 ; 
of the l^ames basin, 30 ; old rocks 
discovered by, 35; of ihe Carbo- 
niferous of Appalachians, 34 ; of Gt. 
Britain shown by map, 37 ; of Plateau 



Province, 58 ; between Cretaceous 
and Jurassic, 82 ; continental, 85 ; of 
Lancashire and Cheshire since Trias^ 
79; absence of, on Moon's surface, 
125, 126 ; by wave-action, 184, 188 ; 
of Carboniferous continent, 292 ; of 
Western U.S., 296 ; effect of removal 
of weight by, 298 ; rate of, in past ages, 
804 ; in N. Britain, 314 ; of the Uintas 
measured, 243 ; preceding Cretaceous 
period, 322. {3ee Erosion.) 

Denuded arches, Welsh mountains 
formed of, 192. 

anticlinals and synclinals, 180. 

Denver city, 55. 

Dependence of mountain-building on 
sedimentation, 317< 

Deposition, alternations in, 87 ; effect 
of rise of temperature on, 93. 

Deposits, conditions under which they 
are laid down, 86; accumulation of 
in Weet Atlantic, 308, 309, 313. 

Derbyshire, 319. 
Desor, M., 97, 149. 

Destruction of all beds above New Bed 
in N.W. of England, 324. 

Detritus worn from N. and S. America 
since Tertiary, where is it ?, 308, 309. 

Detrusion in punching, 164, 165 ; ex- 
tension of strata by, 167. 

Detrusive action, 173, 281. 

Devonian, 76, 312; and Silurian in 
Appalachians, 40. 

Deyra Diin, 65. 
Dhauladh&r ridge, 64. 

Differential : expansion, experiments of 
effect on stone, 22, 23, 24, 25, 26 ; 
what the experiments show, 27, 28 ; 
on sheets of zinc and iron, 20; sub- 
sidence, cause of, 102 ; upliiling, 104 ; 
distortion, 224; subsidence by con- 
traction, 238 ; uplift and subsidence, 
252 ; radial contraction of the Earth, 
269; strength of foundations of crust, 
297. 

Dip of rocks, in Triassic and Cretaceous 
m Bockies, 4(i, 47 ; of Archaean, 51 ; in 
Basin-ranges, determined by position 
of anticlinals and synclinals, 185. 

Discs of lead, experiments on, 165. 

Dislocation, 56. 

Displacement^ difference in altitude due 

to, 59 ; by uplift, 223 ; date of, m 

Hieh Plateaus, 250 ; in Great Basin 

I stiU in progress, 2^9; by faulting, 
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240; two syatemB of, in EQgh Pla- 
teaus, 249, 250. 

Dietortion of ibe Earth's forxDi limit to, 
270. 

of foaflils and cleaTBge, 278, 280 ; 

not always at right angles to pres- 
sure, 279. 

Distribation of deposits in Atlantic, 
909. 

Disturbance, in Boddes, 47; greatest 
where sedimentaries are thickest, 33, 
151 ; proportionate to resistance, 318. 

Disturbed beds, 62. 

Dolomitio conglomerate, 106. 

Dome, elongated, 201 ; erosion of, 229. 

Domed form of anticlinals, 185. 

Domes in quarry of Oemmaes limestone, 
195. 

Dome-shaped mountains, 232. 

Domical, anUdinal, 187, 191, 319, 320: 
convolutions, 184; uplift, 231. 

Dominant pressure, 205, 216. 

Donegal, 139. 

Double folds, 200. 

Downthrow faults, 321. 

Dragging of edges of strata, 188. 

Drainage areas, of Arkansas and Bio 
Grande, 48 ; permanent, how formed, 
307, 310 ; direction of, since elevation 
of Rockies and Andes, 308; basins, 
fluctuations of, .'J04. 

of Colorado River, 58 ; from E. to 

W. in N. America during Cretaceous, 
301. 

Draughton, contorted rocks at, 177. 

Dropping of block by drawing apart 
of strata, 236. 

Duns, 65. 

Dutton, Capt. C. E., 55, 58, 59, 222, 223, 
226, 228, 236, 259, 263; on the 
effects of secular cooling, 126 ; on 
volcanic phenomena, 249, 250, 251. 

D3dng out of anticlinals in Pennsyl- 
vania, 214. 

Dykes^ volcanic intersecting, 69 ; fissures 
and volcanic cones, 257. 

EARTH, mass of, in cubic miles, 116; 
cracks, 273, 274 ; cnist of, an elastic 
solid, 286; shortening of crust by 
compression, 172. 

Earth-movement?, conditions of correct 
reasoning on, 91 . 

Enrthquake8 and their causes, 286, 291. 



Earthquakes, in South America, 69 ; con- 
nection with faulting, 286 ; depth of 
origin of, 288 ; most frequent in Ter- 
tiary ro<^ 287 ; due to small contrac- 
tions, 289; persistence of, 290, 291. 

Earthquake bow, 291 ; oentrum, 290. 

at Augusta and Charleston, 287. 

Bsst^Anglian earthquake, 288, 290. 

Pork Canon, 237. 

Humboldt Range, 146. 

Kaibab flexure, 251. 

Musinia fault, 236. 

and west strike of ranges of 

Northern Punjab, 62. 

Eastern Alps, 141. 

Archipelago, 86. 

Berwickshire, 183. 

Echo-diff flexure, 250. 

Eckhartz, Herr, la 

Effect of changes of temperature on 
Earth's crust only partially appre- 
hended, 330. 

Effective increase in cubic miles of a 
given heated area, 115. 

Elevation, unaccompanied by contor- 
tion, 87; of mountains slow, 226; 
and subsidence, and fluid zone, 257. 

Elevatory movements, areal, 68, 69. 

Elgin, Triassic and Old Bed at, 322. 

Elie de Beaumont, 141. 

Elk Mountains, 43. 

Ellipsoidal, form of crystalline masses 

of the Alps, 149 ; dome, 191. 
Elongated quaquaversal, 229, 230. 
Elongation of plates of boiler-flue, 169. 
Emmons, 8. R, 139, 145. 

Energy, amount of, displayed in vertical 
movements in Plateau country, 56; 
expended within expanding mass, 326. 

Eocene, 53, 66, 78, 243 ; and Miocene 
periods, 52 ; lakes, 295. 

Ericftson, theory of formation of crater- 
rings in Moon, 127. 

Erofdon, energetic, during Eocene, 51 ; 
extensive during Pliocene, 52 ; edges 
of strata truncated by, 5<> ; effect on 
ridges of Gt. Basin, 57 ; plicated 

f>latform planed down by, 57 ; of 
ifted side of fault, 238; of anticlinals, 
227. {See Denudation.) 
Eruptive centre, 237. 

Escarpment, formed by fault, 80; by 
succession of faults, 82. 

Eecher von der Linth, 97. 
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Etheridge, R, 116. 

Europe, 307 ; mean height of, 270, 271. 

Ezdting causes initiating mountain- 
making, 89. 

Exhaustion of heat of globe by secular 
cooling, 118; comparison with the 
amount required for mountain-build- 
ing, 119. 

Expanding beds on flanks of ranges, 177. 

Expansion by heat, mean linear, of rock, 
10 ; increase in volume in crust by, 
10; lateral increase by, oonyerted 
into yertioal, 10; Uiin beds folded 
by, 1 1 ; surface of crust not affected 
hj, lower beds most affected by, 11 ; 
linear yertical, in relation to moun- 
tain-building, 90 ; horizontal, super- 
ficial, and cubical, 90 ; why so apna- 
rent in waterin ayessel, 113 ; equally 
affects all the particles of a rock, 132 ; 
compression mduoed by, compared 
with compression apphed in other 
ways, 132 ; of a eiyen area of rock 
and its effects, 154; misconcej^ions 
relating to, 155, 156 ; of a series of 
beds and how they behaye in com- 
bination, 168; of sedimentaries by 
lacoolites, 234 ; permanent displace- 
ment of material by, 256 ; of rocks and 
volcanic activity, ^56; of deep-seated 
beds, experimental illustration, 332 ; 
force developed in various materials 
by, 162 ; force greater in deep-seated 
rocks, 163. 

and Contraction (alternate), effect 

on sheet lead and zinc of duuiges of 
temperature, 15, 16. 

, table of coefficients of, for rock, 

109, 110, 111. 

by heat of sun, effect on Barlow's 

rails, 13, 14 ; on sheet lead and zinc, 
on engineering structures, 14, 15 ; on 
slabs of stone, 16 ; buckling of girder- 
plates by, 16. 

(differential), effects of, on glass 

vessel, on boiler-settings, chimneys, 
and kilns, 12 ; on metal work, hot- 
water pipes, and engineering works, 13. 

Expansion-creeps, 328. 

Experiments, on linear expansion, 17 ; 
superficial expansion, 18, 19, 20, 21 ; 
on expansion of stone, 22-28; on 
compressions of layers of clay, 331- 
333 ; on sliding of beds on each other, 
210. 227, 331. 

Enlanation of terms used by H. D. 
Sogers for Appalachian f ormatioii8,42. 



Explosions of steam, 264, 291. 

Extension of beds, at surface by ex- 
panding lower beds, 99; by squeezing, 
216, 217; by detrusion, 168. 

Extra-PeninsularIndia,mountain-range8 
of, 60-65 ; geological formations of, 
65, 66 ; and earthquakes, 2S7. 

Exudation of lava through gradual 
pressure, 261. 

Exuding rock, becomes molten near 
surface of Earth, 257. 

FALKLAND Islands, 301. 

False appearance of geological succes- 
sion produced by over folds, 318. 

Fan-structure, 98, 140, 141, 142, 176, 
327 ; of beds squeezed out of syndine, 
203 ; in coal-strata, 211. 

Fkrmington ArchsBan body, 145. 

Faroe Islands, 82. 

Fault, influencing orography, 80; plexus 
of, in Scania, 83 ; longitudinal, of 
Wahsatch, 147; standing face of, 148 ; 
beds turned up on thrown side of, 
238 ; of 20,000 a. throw, 243 ; scarps 
and earthquakes, 289. 

Faults, 95; parallel to ranges, 54; 
trenchant, in Plateau country, 56; 
multiple, 57 ; and monoclinid flex- 
ures, 59 ; two classes of, 96 ; normal, 
posterior to foldings, 98; throw of, 
101 ; distinction Mtween displace- 
ment by fftults and by flexures, 102 ; 
inclination from vertical, 103 ; seal- 
ing up of, 103, 104; by upthrust, 
1(H ; cut anticlinals ana synclinals 
alike, 104 ; by compression and shear- 
ing, 190 ; and uplifts, 223 ; and cli£b, 
2^; uplifts or downthrows?, 235; 
subsidence of block with lesser base, 
240; of Plateau System and Great 
Basin, 235-241 ; secondary displace- 
ment superimposed on an older one, 
237; and flexures, 246; denudation 
of, 247; downthrow, 247; Pliocene 
Quaternary, 250 ; later than flexures, 
251 ; Eastern Sierra and Western 
Wahsatch, 252 ; subsequent to trans- 
verse strin, 277 ; Carboniferous pre- 
served by, 35; repetitive, 57; and 
dislocation, 77 ; Post-Cretaceous, 83 : 
tilted blocks occupy more horizontal 
space, 239, adjust themselves by sub- 
sidence, 240 ; in Gt. Basin, 239-241 ; 
explanation of, 240 ; an intraoral part 
of mountain-building, 295. {See pTor- 
Dud faults.) 



FMil(-nK:k,103; 
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Fhnna, cbangea in, linee Triune, 304. 
sod Plors, iDtcrdependaioe of, 

310, 311. 
Fcotairaa of the Eartli'i mrbce and ejdif 

of cbsngs, 273. 
Featooning of bed*, 198, 199. 
Ffeatiniog, 193. 
Kngal'i Oara, 7a 
Fira^mte, cnoUing noiae irhen oooling, 

Fidt-Laks plateau, 248. 

Piiher, Ber. 0., 90, 124, 131, 163, 171. 

FiMuret, cannot occar <le^ in tbe 
Earth'B Croat by drying, 91 ; when 
due to contraction wider at base, 100; 
below a certain depth cannot remain 

Xn, 100; pomtion of, in crust, 103; 
ing up, by ehesritig, t03 ; cannot 

eiiat at great depths. 130 ; and djkea, 

2&1. 
Figuring of the jointi of coping-Btones, 

1 12 ; by tension raused t^ growth of 

antJcIinals. 117. 
FlogBtone-qnarriea near Llangollen, 281. 
Flamboro' Head, oontorljons in ohslk 

near, 218. 
Flaming Gorge and other groups, 246. 
Flenng, of the TrisB, 224 ; and fracture, 

224, 228; of Carboniferous, 228. 
Flexures, monoclinal, S6 ; illustration 

of screral types haTing crystalhne 

oores, 173 ; runnine into fanlU, 226; 

twists and faults, 243. 
Floods of laTa, 263, 297. 
Floor of Archican rocks in Britain, 316. 
Flow of niotl«n matter brings up heat 

from below crust, 94. 
of rook, 95, lOO ; of beds. 168 ; of 

rock into anticlinals, 1G6, 176. 
of solids, Treeca's eiperimenta in, 

165-167. 
Flowing of rocks, 93, 208, 230; of 

crystallme rocks, 140-150; as dis- 

tinguiahed from folding, 142. 
Flow. structure, nnture of, 201. 
Fluctuation of leTel, 306; of area* 

fringing continents, 566 ; of ooean- 

beds,207. 
Fluid rock rising to higbeBt points 

through thickest strata, 257. 
' zone will not account for Tolcanio 

action, 257. 



Flmion-atrnebiTs and foUaUon, 284 ; 

and slaty dearage, 278. 
Folded rooks in contact at oTOrj point. 



beds. 



126, 221, m 
and crushing, eompetracy of at- 

pansion 1^ beat to prodooe, 1^ 
and plication of An±«an, 316; 

orerfolding, and re<rei«ed hulta, 317. 
of Juraasio, Cretaceous, and l>r- 

liary rooks on flankt of gnaiaaie eon, 

96. 
, no indication on tbe Hoon's surface 

of, 127 ; of Highland rocb, 136. 

, ridging up. repacking of strata,bi^ 

cauM of, 326. 
Folds, overfolds, oTerthmsto due to 

repealed lengthening of strata by ex- 

pansioQ, I3«; moTement of rocks in 

packing together in, 155; if acut«, 

strata hsre been lengthened, 216. 
Folia, repreeentine bedding-pUnee, 199, 

200 ; deieloped in aoapstone by beat 

and pressure. 283, 
Foliation, 196, 283. 285; planes, 150; 

and cJeaTage. 2^; euperindnoed in 

oleaToge or bedding, ^3 ; following 

fluiioD - structure, 284 ; in clor, 

284, 
Following up nioicment of strata, 1S3. 
Foot Hills of Bookies, 62. 
Forbea. D., 383. 
Forbee, E„ 219, 
Forces (o which the Arehtcan serica 

have been eubjected, 150. 
Fort Adams, fissuring of ooping-stonM 

at, 112. 
Forth and Clyde. Corlioniferoos rocks 

of, 320. 
Foasili feroDS marine rocki, deflcienOT 

of. in Peninsular India, ti5. 
Foundation rock of roountain^ l7tS. 
Foundations am! faulting, 102. 
Fraser River, Cretaceous rocks, 53. 
Fraser, Prof. Persifor, 143. 
French. Mr.. 277. 
Frilling of beds, 199. 
Fringing depoeile. 308. 

rangfa of Himalavaa, 6fi. 

EViture, mountain-building in the, 306- 

3ia 
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GALWAY and Oranmore, 282. 

Gkbiiges, grade of bed of, 297. 

Gangetic plain and Earthquakes, 287. 

Ghirlieston, Yertical beds at, 180, 181. 

GhMworks roofs, destruction of, by ex- 
pansion, 15. 

Geikie, Dr. A., 4, 9, 82, 75, 76, 78, 82, 
116, 124, 186, 148, 166, 183. 

Geographical regions, how defined, 
oil. 

G^logical formations of India, 65, 66 ; 
phenomena in actiye operation, 69. 

generalizations, limitations of. 



188. 



825. 



investigation, how best pursued, 



— Province, N. and S. America one, 
298; how created, 310. 

Record, comparative completeness 



of, in Britain, 825. 

Time, methods of calculating, 308, 

304,305. 

G^metrical examination of folding, 
216, 217. 

Georgia and S. Carolina, earthquake 
in, 287. 

G^synclinals, 89, 92, 272 ; existence 
of, under Atlantic deposits, 809. 

Giant's Causeway, 78. 

Giggleswick Scar, 80, 81. 

Gilbert, C. K., 44, 53, 55, 113, 222, 223, 
224, 225, 226, 232, 233, 285, 250, 
289 ; on break between Archseans and 
later rocks, 148. 

Giordano, Sig., on the structure of the 
Matterhom, 149. 

Glenwood, 287. 

Globe, the, as a reservoir of heat, 118, 
120. 

Gneiss, Central, of Himalayas, 66; 
passing into granite, 188 ; and Alpine 
roliation, 1^; dislocated synclinal 
axes in, 148 ; kneeding up of a banded 
structure, 144 ; shading into granite, 
145 ; tongues of, 156. 

and Schists in great masses, evi- 
dence of pre-Palseozoic origin of, 133. 

Ghieissic axis of Silurian range in 
Britain, 315 ; axial cores squeesEed up, 
327 ; regions of Pennsylvania, 142. 

cores and areas, 97; folding of 

rocks on flanks of, 98. 

rocks, squeezed up to the surface, 

84 ; and schists only seen in great or 
old mountain-ranges, 85. 



Ghieissose and Schistose rocks, position 
of, in Geological Series,' 188. 

Gk)dwin- Austen, 32, 77. 

Gordale Scar, 179. 

Gomer glacier, 149. 

Goyt trough, 204. 

Grains of quartz with polished faces on 
slickenside, 277. 

Grampians, 75. 

Grand Canon, 287. 

Biver, 45. 

Ghrange, Cheshire, slickenside striae at, 
275. 

Granite, 153; seen in deep canons of 
Rockies, 44; prevails along median 
line of axes, 45 ; of Basin-Banges, 54 ; 
dykes of, 54 ; fluxion structure in, 
and foliated, of Donegal, 139 ; shading 
into gneiss and scmist, 145, 146; 
traversed by planes parallel to bed- 
ding of schist, 147; boss bursting 
through Silurians, 182. 

Granitoid beds, 145. 

and metamorphic rocks protruded 

through sedimentaries, 55. 

structure, how produced, 160. 

Graptolites in slate, 192. 

Grass valley, 286. 

Grassington lead mines, 179. 

Grauwackes, 180. 

Gravitative settlement, 297 ; and earth- 
quakes, 291. 

settling and normal faults, Le Conte 

on, 252. 

Great Basin, 57, 292. 

flexures of the Earth partly inde- 
pendent of sedimentation, 278. 

mountain-ranges, comparatively 



modem, and why, 29; never built 
entirely of old rocks, 30. 

— Plains, 231. 

— Plateau system of Asia, 271 . 

— sedimentary deposits always asso 
ciated with mountain-ranges, 30-82. 

— submersion, 269. 
synclinals enclosing subantidinals 



and synclinals, 215, 216. 
Green, Prof. A. H., 155, 204, 283. 
Green Biver, 220, 243, 244, 246 ; group, 

245. 
Greenhorn Mountains, 45. 
Ghreenstone dyke, 199. 
Grensted, Bev. F. F., 331. 
Grimm, Herr Johann, 2. 
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Grits, flilioeouB and ooncretionAiy, 184, 
185. 

Gulf of Guinea, depositB of, 313. 

of Mexico. 86, 267, 306 ; depth 

and area of, 302. 

Stream, 306; soundings and 



dredgings in, 313. 
Gunnison Tallej, 236. 

GhiTot, Dr. Arnold, 67, 273; on the 

Appalachian system, 39. 
Gozerat, Kattywar, and Cutch, 62. 
Gtypseous period of the Andes, 68. 

HADB: why faults hade to down- 
throw, 102, 103, 328. 

Hague, Arnold, 146. 

Hair-trigger of earthquakes, 287. 

Hall, Sir James, 183. 

HaU, Prof. James, 38, 85, 88, 173, 298. 

Hall, Charles K, 14a 

Harker, A., 278. 

Harrishurg, thickness of Palseosoics at, 
36. 

Harrook Hill, Parbold, slickenside at 
276. 

Haw Bank quarry, an anticlinal core, 
178. 

Hawaiian yolcanoes, 274. 

Heat, effect on strata at great depths, 
92. 

Heated area, lenticular form of, 157; 
calculations relating to, 158. 

block composed of separate beds, 

behaviour of, considered, 167. 

rocks, how they behave on rise of 



temperature, 114. 

Hebrides, 82 ; volcanic cones of, 253. 

Heer, Prof., 97. 

Heim, Prof. A., 84, 98, 158, 172. 

Hell Kitchen basin, 215. 

Henry Mountains, 225, 232, 234. 

Henry's Fork, 247. 

Herachel Sir J., 116, 122, 271, 298, 
299. 

Hicks, Dr. H., 194, 316; on thickness 
of Cambrian and Lower Silurians, 31. 

High Plateaus, 58, 59 ; of Utah, 222. 

Highland rooks, succession of, 135, 315. 

Highlands of Scotland, 159. 

, secret of the, 136. 

Hilgard, J. £., 302. 

Hill-ranges of Sind, the Punjab, the 
Himalayas, Assam, and Burma, 60. 



WHb become TaHeys bj denndataoOy 296w 

Hillsdale, 237. 

Himalayas, 60, 61, 62, 73,88, 148, 305 ; 
description of, 63,64,65; extent of 
deposits of, 116. 

Hmdu Eush, 63, 64. 

History of a mountain-range, 314. 

Hoang-Ho riyer, 86. 

Holyhead Island, 198; Mount, 196; 
mountain, 197, 198. 

Horizontal drag, 187, 189, 200. 

expansion, 158, 318; expanaion 

or contraction and earthquakes, 289 ; 
calculations relating to, 290 ; exten- 
sion of beds, 168; pressure, 201; 
radial expansion, 233; throws of 
&ults, 189 ; and vertical strains, ex- 
citing cause of, 326. 

Horizontality of beds, effects of, on topo- 
graphy, 57. 

Horseshoe loops in gneiss, 142. 

Houghton, F. T. S., 194. 

Hucknall Torkard, 219. 

Huerfiuio Park, 45. 

Hughes, Prof. McEenny, 194. 

Hull, Prof. £., 82, 204, 320; on the 
geological age of the North Atlantic 

Humboldt, 271. 

Banges, 43. 

Hunt, Dr. Sterry, 38, 139, 312. 

Hurricane fault, 237. 

Hutton, Captain, 113 ; on the formation 
of moimtains, 90. 

Hutton, John, 183, 315; and Lyell, 
133, 134 ; on denudation and uplift, 
growth and decay, 254, 255. 

Huttonian principles of Geology, 136. 

Hydrostatic column, 257, 259. 

Hypothesis, that mountain-ranges are 
the effect of secular shrinkage of the 
Earth, examined, 121-128 ; of con- 
traction of the Earth by loss of water, 
examined, 129, 130 ; of compression 
at the Equator and bulging at the 
Poles by loss of rotational velocity, 
examined, 131. 



INCREASE of volume, how disposed of 
in rigid rocks, 114. 

Increment of growth at each expansion, 
328. 

Increments of expansion and contrac- 
tion, and flOciimulatM results, 294. 
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India, 73 ; geology of, 60-66. 

Indiana anticlinals, oonTox along their 
major axes, 213. 

Indo-Gangetio plain, 60, 61. 

Indraught of molten rocks to Toloanio 
pipes, 295. 

Influence of surfaoe on Yoloanic action, 

266. 
Injections of molten matter in crust, as 

dykes, sheets, and cisterns, 295. 

Innerwell fishery, yertical heds at, 
180, 181. 

Innimore of Ardtomish, Carhoniferous 
preserTcd at, 35. 

Interbedded yoloanic rocks, 256. 
Interchange of drainage-area and basin 

of deposition, 307. 
of land and ocean, 312. 

Interdependence of sedimentation, heat, 
and force, 311. 

Interior of the Globe, is it subject to 

change?, 267. 
of the Earth, quiescent stability 

not yet attained, 268. 

of synclinal, 180, 185, 187,188. 

Intermittent action of volcanoes ac- 
counted for, 261. 

Internal changes inyolTed in the folding 
ofbeds, 209, 210, 211. 

movements of the materials of 

rocks. 208, 209; forces of the Earth 
far from exhaustion, 309, 310. 

Intrusion of molten rock in horizontal 
planes, 114 ; how and when it occurs, 
258. 

Inverted domical form of synclinals, 187. 

flexures, 142. 

Ireland, denudation of west coast, 85. 

Isle of Whithorn, contorted rooks at, 
180, 181. 

of Wight, Lower Tertiary of, 219. 

Isogeotherm of fusion, 827 ; old sedi- 
mentaries melted by rise of, 92. 

Isogeotherms, 298 ; rise of, 151 ; efibct 
of rise of, 293.^ 

JAMIESON, T., 298. ' 

Jeffs, O. W., 275. 

Jenney, W. P., 231. 

Jet of lead produced by oompresion, 

165. 
Joint planes with polished sur&ces, 

198. 
Jointed structure, 283. 



Jointing and cleayage, relations of^ 282. 

Joints, north and south, 196. 

Judd, Prof. J. W., 4, 85, 76, 78, 79, 80. 
82, 83, 85, 135, 151, 186, 219, 253, 
254, 265, 287, 319, 321, 322, 323. 

Jukes, J. B., 76, 241, 253. 

Jukes-Browne, 131. 

Julien, Alexis A., 16. 

Junction mountain, 243; anticlinal, 
244. 

Jura, 231. 

Trias, 233. 

Mountains, 328. 

Jurassic, 65, 66. 78, 82, 83, 220, 221, 
292 ; strata, 58, 84 ; beds of Bockies, 
43 ; rocks enclosed in folds, Ohamou- 
nix and the AU^ Blanche, 141. 

elevation, 57. 

Period, vegetation of, 85 ; conditions 

of, 86 ; elevations at close of, 53 ; in 
Britain, 322. 

KADAPAH and Eamiil formations, 
281. 

Kaibab faults, 250. 

plateau, 224. 

Kashmir valley, 64. 

Keeping, Walter, 184, 185, 191, 192. 

Keuper and Bunter in Cheshire and 
Lancashire, 77. 

marl, 106. 

sandstone, footprints in, 86 ; 

slickeiisides in, 275-277. 

Key to geological difficulties, where to 
be sought, 325. 

Keying up of strata by inclined shearing, 
101, 103, 240. 

Khirthar Bange, 62. 

Kilauea, 258, 259 ; eruptions of, 260. 

Kinahan, G. H., 32. 

King, Clarence, 72, 140, 147, 152; on 
distribution of Archaeans of the 
Bockies, 140. 

King, Prof. W., 282. 

King, W., 281. 

Kirkcudbrightshire, 180, 181, 182. 

Kirkmaiden, cliffs at, 180. 

Knotted schist, 146. 

Krakatoa, eruption of 1883, 261. 

LABRADOB, 308. 
La Breuil, 149. 
Labyrinthodon, 86. 



lAcoaUtea, 232, 233, 2B3. 
La OhBpelle, Faru, incrau 

pentnre in well at, 2. 
Is-Plata &D» of elsTaUan b 

47. 



BockiM, 



w. 308-, age of, 301. 
Ladik range, 63, 64. 
IdM BonneTille, 297 ; Lahontan, 287 ; 

of Oenera, 86. 
LonieTlar ttruoture, aonToIuUd, 201 ; 

cannot be produoed bj (loving, 201. 
Land-arsBB, and ooaat-Unea, SOO ; and 

Heaoioio deposits of N. Amerim, 301 ; 

permaneiiee of, 312. 
land surfacee, bow formed, 86; planta 

in ahnUn, 57. 
I*pworth, Prot., 3, 136, 136, 316. 
Laramie rocks, 51, 52, 223. 
larger bendings of tbe cnut, 266-274. 
Las T^as range, 48. 
Lateral oompreedoD induced by Bedi- 

mentation, 317. 
digplscement by eipaosion per- 

manent, 329. 
movementfl in unoontorted rocks, 

275-277. 

presnire, 70, 84, 244; .fajpothera 

of, hj superheated steam in fissures, 
130, 131 ) and slaty cleavage, 27S ; in 
the Moon, 128. 

transference of material by eipan- 

Bion towards loci oF mounUin.ranges, 
271.299. 

laurel and Cbestnut ridges, 214. 

Laurentians, 300. 

lATa columns of unequal heidit, 258; 
less fluid as tbfy deeaend, 2MI. 

floods. 255. 324. 

- flows, 263 ; of Western America, 
291. 

. sheets, decay of, 248. 

, subroarino, 68. 

Iatsb. erupted on platform of Uauna 
Loa. 259. 

Lend pipes, manufacturv of, ns an illus- 
tration of flowing, 156. 157. 

platea, superficial expansion of, 

Lebour, Prof. G. A., 2, 8. 

Le Conte, John, 28S. 

Le Conte, Prof. Josepb, 59, 85, 151, 

158, 170, 172, 252. 273, 201, 208. 
Leipoldt, Qustav, 271. 



Length of beds in folded aiea^ 168, 170; 

not a oorreot indication of extent of 

morement of flanking strata, 168, 174. 
. . of folds in excess of base-line, 172, 

216. 217; experimental illustrationa 

of. a32. 333. 
Lengthening of beds by pressure, ISO, 

Lenticular form of heated areaa, 10, 

ua 

heated mass, 293. 

Lesley, Prof. P., 33, 36, 142, 143, 206, 

206,208. 
Lesser Holmes arch, 233. 
LeTelling ap, land-surfaces formed by, 

88. 
Lias, 31, 77, 78, 79, 80 ; outllera, 824. 
Lifting, when &ults oannot occur bj, 

240, 241 ; fleiuree broken during, 

243 ; of roeks by intrusionB, 268. 
Ligonier Tallej, a nanoe.«haped tra- 

oUnal, 214. 

Basin, 2ia 

Limestone Alps of SaTOy, 96, 234. 
Limit of elasticity, 272. 
Linb; and Bulwall anticlinal, 219. 
Linear contraction, 170. 
distribution of \ 

274. 



roloanoeo, 273, 



lion, 112, 168. 229; eiperi- 
inents on lead strips, 17; horizontal, 
1 13 ; on longer ans compensated 1^ 
otosB-ridging, 294. 

shortening of mountain -areae, 172. 

Idnea of structure parallel to trend, 54. 

of weakness, 156, 176. 

LiaboQ earthquake, 288. 

Litbological similarity of Trias OTer 
great areas, 322. 

Little Buflolo, 212. 

Liverpool Geologieal Society, 276. 

Liiingstone Bange, 62. 

Llanberis, 194 ; slate-quarries, 202. 



It. 190. 
Llansaintfraid Olyn Oeriog, slatA^qoni^ 

riee at, 280, 281. 
Llyn yr adar, 81. 
Llyniau diflWj, 81. 
Loading. BAagMlogical agent, 272; aod 

lightening, 207. 
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Local increase of temperature and yoI- 
canoes, 249, 265. 

intrusions of lava increase tem- 
perature, 294. 

Tariations of temperature in crust, 

eflTect of, 329. 

Locus of eruption, how it may change, 
262. 

of greatest disturbance where 

sedimentaries are thickest, 147. 

Logan, Sir W., 316. 
London Olay, 78, 288, 290. 
Longitudinal extension due to pressure. 

Loop folds produced by flow and dis- 
tension, 159. 
Loops of Jurassic rocks, 98. 
Lord Stanley's grounds, synclinal in, 

199. 
Los Finos, axis of elevation, 46. 
Low angle of cleavage and the Berwyn 

dome, 281. 
Lower Silurians, of Wigtonshire ; 180 ; 

volcanic action during deposition of, 

316. 
Lowering of tamperature of crust by 

lava-flows, 294. 
Lowest rocks in the geological series 

repeatedly compressed, 13^, 133. 

Lulworth Cove, 219. 

Lunar Apennines, 128. 

Lyell, Sir Chas., 77, 112, 114, 152, 156, 

227, 264, 269, 288, 320. 
Lyellian principles of Geology, 315. 



M'GEE, W. J., 33, 41, 49, 105. 

Machynlleth, 187, 191. 

Magma, physical changes in, in cooling, 
267 ; circulation, of with each lava- 
discharge, 268. 

Magnesian limestone, anticlinals in, 219. 

Magnetic variation, 178. 

Mahanoy Basin, folds in, 205, 211. 

Mallet, R, 124, 265, 287 ; theory of 
volcanic energy, 3, 4, 5 ; on shrinkage 
of the Earth, 124. 

Malvern hills, 315. 

Mammoth bed, 215 ; model of floor of, 
206 ; contoured map of. 207 ; thick- 
ness of, 209 ; coal-basins, 205. 

lianod Bifawr, 193. 

Manserdi, Jas., on expansion of rails by 
sun's neat in the Braiils, 13, 14. 



Marcou, Prof. Jules, 53. 

Mark^nt plateau, 237, 238. 

Mashing of rocks, 202. 

Massive rocks, foldings of, produced by 
converging pressure, 192. 

Material dispersed by compression, 217. 

Materials for mountain-building, whence 

they come, 300-302. 
Matter molten at the surface, solid at 

its origin, 256. 
of the Earth's interior potentially 

molten but solid by pressure, 7, 256. 
removed in solution, 302 ; how 



distributed, 303. 

Matterhom, 97, 149. 

Mauna Loa, 258 ; platform and Caldera 
of, 259 ; eruption of, in 1855, 261 ; 
dimensions of, below sea-level, 262. 

Maunch Chunk, 206. 

Mean height of continents, 270, 271. 

rate of denudation, 304. 

Meania sandstone, 170. 

Mechanical effect of the expansion of 
rocks, 154; dependent on state of 
crust, 328. 

Mechanicsburg synclinal, 213. 
Mediterranean Sea, 86, 266. 
Medlicott and Blanford, 59. 
Meldola and White, 288. 
Melting-point ofr ock, 9 ; at nrhat depth 
reached, 9. 

Menai Straits, 192. 

Mendip Hills. 32, 77, 319, 320 ; section 

of, 98. 
Merionethshire, 32, 194; dome, 192, 

328. 

Mersey Tunnel, fault in, 104. 
Mesozoic, 250 ; extent of, in N. America, 

293 ; extension under Atlantic, 301 ; 

rocks of Peninsular India, 65. 

and Oainozoio upthrows, 220. 

and Eocene sedimentation, 58. 

and Tertiary, contortions in 

Britain, 208 ; of western N. America, 
time taken in deposition of, 304. 

Metamorphio rocks, 144 ; dip of, in 
Bockies, 45 ; and schists, 46. 

schists of Andes, 67, 69 ; and mica 

leisses in granite, 147 ; foliation of. 



Metamorphism of crystalline series of 
Alps, 137 ; developing fissile struc- 
ture, 282 ; relations to cleavage, 283 ; 
by pressure, 84. 
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HeiioD,70. 

Hiall, Prof., 909, 210. 

Miaoeoua sduiU, interbedded with 
gneiu, 137. 

UiorosDopio lithologjr, 134. 

Hidford auda, 76. 

Hillslone grit, 32, 106, 278 ; and Ooal- 
ni«i8UH«, 179, 

HUne, Prof. J., 286, 287, 286, 291. 

MiDU Geraea mmes, Braril, 2. 

Hinend bands of oonToluted rooki, 198. 

Hinerolization of folio, 201. 

Hiniatnre domes in aud, 231. 

Miocene, 60. 

IGNiMippi Kver, 301, 303, 308 ; mtUi- 
quoke in Talley of, 266 ; mA 
present and ancient beds of, 297, ! 
Bsain, average waate of, 303 ; lerel of 
ancient beds belov tide, 313 ; deposits 
of, in Oulf of Meiioo, 302, 308. 

Mobility and permanence of the Earth's 
featunc. 306. 

Uodel of floor of Mammoth Bed, 206. 

Moel Fema, 261. 

MoelwfD, 61, 192. 

Mokuaweoweo, 259. 

Molecular moTements, 280. 

Molten lead, effects of flow of, 96. 

matter, 92 ; under oompreeaion 

injected in rocks, 94 ; rifls and dyket 
caused bj, 94 ; tapping of, 295. 

Monoclinal, simple and compound, 54 ; 
fleiurea. 250; scarp, 222; and faults, 
223,224. 

Monroe and Gunnison, 256. 

. yillaga of, 237. 

Mont Kane, 07, 329; Massif, 141; 
fan-structure of, 157. 

Cenia Tunnel, 2. 

Cerrin, 149. 

Monte Bom, 97, 149. 

Moon, analogy of, 126-130 ; surface of, 
137. 

Moojie RiTSr, 53. 

Morben slate-quarry, 191. 

Moreno vatlej, 51. 

Mount Nebo, 237. 

Monnl^ni, carred bj denndatiDn out 
offranite, 75, 76 ; in the Mood, 127, 
138; and plateaus permanent relief, 
2T3: fuperimposad on earlier ones, 
16a 



Monntain-building, a long prooeaa, 95, 
394 ; dependent upon £positioQ, 95 ; 
latest phases of, 251 ; in Wales ae- 

oompanied bj Tolcanic action, 318> 
Mountain range, not the result of ons 
display of energy, 1 14 ; due (o suooea- 
■iie eorth-moTemBnts, 137. 



oaa only be removed by dimudatioil, 
306 ; what they are, 326 ; small in 
relation to Earth's orust, 330. 

Byatem, an area of oontinaona 

moTement, 1 15 ; birth of, in Western 
territories, 293; remains of, in Britain, 
315 ; result of suocessiTe efforts, 116 ; 
gradual rise to base of range, 114. 

upheaval related to sedimentation, 

71, 72, 73 ; in Oarbonifraoos times in 
Britain, 320. 

■ uplifts, calenjations relaline to, 

118,119. 



2, 33& 
Much Wenloct, 276. 
Murchison, Sir B., 30, 135, 231, 31I>; 

and the suoceaaion of Highland rack^ 

135,136. 
Musinia fault, 250. 
Muat^h Baage, 63, 64. 



MAJSAWALE, 260. 

Naamyth and Carpenter, 127, 128. 

Neocomian, 82, 64, 134. 

Sepaul. 65. 

Neutral axis, 210, 217. 

Nevada, 53. 

New Mexico, aiea of Bockiee in, 44. 

New Zeahtnd. 148. 

Newberry, Dr., 44, 47. 

Newer gneisxic rocks, 135. 

Newfoundland, 301. 

Newton, H., 231. 

Nicbol, Prof., 135, 315. 

Nile Eiver, 86. 

Nilgiiis, Paln^ ka., 61. 

Nipping of strata, 104, 927. 

Nolo antidinal, 21 a 

Nou-foliated rook foliated by preasore, 
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Normal faulting, 99-105 ; explained by 
diagram, 101 ; sectionB showing, 106 ; 
due to contraction, 295-328 ; not due 
to uplifting, 331. 

North America, 71, 307; mean height 
of, 271 ; source of sediments of western 
deposits, 300-302; partial submer- 
sion, in Glacial period, 306 ; and South 
America, two continents in Creta- 
ceous and Tertiary times, 302. 

Atlantic, 86. 

Central New Mexico, 48. 

of Ireland, basalto of, 32a 

Park, 221. 

Northern New Mexico, 46. 

Nottingham, 219. 

Nullamullays, clay-sllites of, 281 ; quart- 
sites of, 282. 

Nummulitic, 80, 84. 

Nutria fold, 229. 



OLD BALDY, 61. 

Old crust affected down to isogeotherm 
of fusion by rise of temperature, 327. 
folded strata reaffected, 327. 

Bed Sandstone, 87, 184; period, 

75; sea of lower, 76; bulk of, in 
Britain, 116 ; deposition of, 319. 

Older gneiases, 301. 

Oldest area in the west, 57. 

countries often near the sea-leyel, 

297. 
Oligocene, 84. 

Oolites, former extension of, in Britain, 

296. 
Oolitic, 78 ; escarpment, 296, 324. 
Oppel, 77. 

Orientation of minerals affected by 
pressure, 138. 

Orinoco Riyer, 308. 

Orkney Islands, 82. 

Orogenic crumpling, 252. 

Orographic blocks, 239. 

Oural Mountains, 31, 171. 

Outer Hebrides, 35. 

Outliers of Lias, 79. 

Outline of the theory of the origin of 
mountain-ranges, 326-^30. 

Oyerfold of Coniyeall, 142. 

Oyerflowinff of laya exhausts pent-up 
forces, 294. 

Oyerfolding and oyer&ulting, 318. 



Oyerhang of faulted block causes settle- 
ment, 103. 

Oyertum antidinals, 201, 203 ; experi- 
mental, a33. 

synclinal, 203. 

Owen, Prof. R., 254, 312. 
0-wi-yu-kute, 246. 

PACIFIC OCEAN, 301, 302. 

Packing, of rocks by flowing, 155; of 
strata in great synclinals, 216. 

PaliBozoic rooks, of Park Ranee, 45 ; in 
India, 60, 61 ; in PeninsuSu* India, 
65. 

sediments, 160. 

Palaeozoics, thickness at Harrisburg, 36; 
in Appalachians, 38 ; of Rockies in 
Canada, 52, 53 ; oyerlyiug Arclurans, 
148; squeezed up with Cretaceous, 221. 

Pahiure Bum, 182. 

Panquitch Valley, 237. 

Panther Creek Basin, 206, 208, 215. 

Parallel folds and intermediate syn- 
clinal troughs, 143. 

Parallelism of coal formations in Noya 
Scotia and Britain and community of 
origin, 320. 

Parallels, belt of country between the 
34th and 43rd, 55. 

Paria fold, 224. 

Paris wells, increase of temperature in, 2. 

Park Range, 45, 220, 221 ; Palseozoics 
reach crest of, on eastern slope, 45. 

Parkersburg and Staunton Pike, 214. 

Parks of Rocky Mountains, 45. 

Paroxysmal energy, 261. 

Pass of Llanberis, 81. 

Passes of the Alps, 149. 

Paunsdgunt plateau, 236 ; volcanic 
yents in western wall, 249; fault, 250. 

Peach and Home, 4, 135. 

Peak of Snowdon, 81. 

Peaks, of Himalayas, 63,64; of Andes, 

67, 69. 
Peckforton Hills, 82. 
Penarth beds and Lower Lias, 106. 

Peninsula of India, fluctuation of 
leyeb, 269. 

Peninsular India, a tableland, 60 ; ab- 
sence of disturbance in, 61 ; geolo- 
gical formations of, 65; range of 
Archiean rocks in, 148 ; area of, 258 ; 
and earthquakes, 287, 288. 
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Pennine Chun, 82. 76, TT, 171, 320. 
PennaytTAnift. Seoond Qeokginl Bni- 

vey of, 33 ; sactjani aaroaa, 42 ; Nor- 

Ibera and Middle gneivia legioni, 

142. 
Feriodidtj of cirthquakea, 290. 
Permanenea. of moanUin-oluuai, 306, 

307,3-29; of ooeawi ' 



Perninnent reln^TS alteration ot leveU, 

271. 
Permian, 6(1, 81. 

PeniiUnl striU, <rhat it indicates, 3l7. 
Pesh&imr. range* near, 62. 
Peath. incrcaw in lemparature in well 

11,2. 
Peuquenea Banje, 69. 
PhilUpi. J., 32. 102. 177. 
PbTiical and geological history of tlie 

British Ifiles. 314-325. 
PinohingHjut of ooal-beda. 306. 
Pipe ipring. 236. 
Pir Psujil ™.ige, 83, 64. 
Pittsburg coal -lied, 36. 
Pkina of Tartiiry origin, 69. 
Planes of shearing, 187. 
Plnstio moTcment, 199. 
Plaaticitj, »!' riwk under preeeure, 01, 

92; increaiwi by heat, 93; ofcrfstal- 



Plalalu pnniiice of Colorado. 104. 

a;at«iu of Peoinsulai' India, 60, 

Plateaua, theoiy of their upUfl, 227, 

, whj perLiianent featiiree, 230. 

ot Utah. o29. 

Piatt, W. O., 212. 
Ftoted bedH. 196. 
Plicated coal-strata iu Pembrokesbire, 

177. 
PliwitLon, bl : greateat in thote rooks 

ooIi^n!d by thickest deposits, 72; of 

coal-beds ill PenneylTania, ago of, 

206. 
PUocece, 110, (iO, 79, 260; and Quatei^ 

nary, 147. 
Plutonic rocks cjf Andes, 67, 69. 
Point ^Uaiiue, 196, 
— of Roob, iieriod, 244 ; group, 245, 



247. 
PoiiU P««. 51, 



P<w«dlaiieoui mlla of alioknuidM. 271 
277. 

Porcapine Hills, 52. 

Porphjritio oonglonunte, 68. 

tmohjte, 232. 

Port William, 180. 

Forth Badric, 195. 

dafiireh, 200. 

Eilian, 197, 198. 

Porih-y-gwin, 201, 202. 

Portillo KangH, 69. 

Pratt, Archdeacon, 6. 

Pre-OaDbrian* ot Angleat?, 194. 

Pre-Paheoioio surface, 160. 

PrMerratioD, of land-areas, 310, 311 
of remnants of deposits, 319. 

Freeeure, and funon of rocks, 4 ; anti 
diuols ot gneieaio rork Torced up bj 
95 : in Ooast-Bange^ 134 : eflecu ol 
in Bast Humboldt Bonge. 146 ; trains 
mitt«d from particle to particle, 166 
direHiion of, in relation to antieUnsli 
179 ; faults, 195. 196, 275 ; effect oi 
ooal, 208 ; couTerging, 212. 

Preaton County, 214. 

Prestmch, Prof. J., 6, 8, 32. 86. 98. 171 
172, 261. 

Frimar]' topographic form, 242. 

PrimitiTo acbislJ, 315. 

Problems of monn tain-structure, when 
but studied, 314. 

Proportion, importance of, in geologic^ 
reasoning, 116 ; of water l« und 
311. 

Fropylite. 248, 349. 

Protrusion of Ardueans, 233. 

Provinces, the tiires geological, 55-57. 

Post-glacial beds of BriUio, 87 ; idot» 
ments, 289. 

Potential energy, Iom of, when Isti 
OTerflowa at suHace, 263. 

Potentially molten, 93. 

Potsdam nndstone, 231 ; depth of, «l 
Pittsburg. 36. 

PolteriUa Basin, 308. 

Poulton. Cheshire, quarry at, 27C. 

Powell, Ptof. J. W., 66, 56. 228, 242, 
243,344,245. 

Fnibnm, Bohemia, increase of tem- 
perature in mines at, 2. 

Puckering, 199. 

Pulsations of the Barth's oust, 370. 

Pumping up of moltm rook, 284. 
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Punching, mechanical effects of, 164, 

166. 
Punjab, and Sind Mountains, 60,61, 62 ; 

pudns of, 64. 
Purbeck beds, contortions in, 219. 



QUAQUAVERS AL DIP, 193, 243 ; of 

anticliDals, 155. 
Quartzite and slates, 145. 
Quartzites of the Highlands, 135. 

Quatemarj, 221 ; grayels of Basin 
Ranges, 53 ; lakes, 297, 305. 

Queensbury group, 182. 



RADIAL CONTRACTION of the 
EARTH, amount of, 123, 124; rate 
of, varies at eyery point of the radius, 
124. 

Radius of the Earth considered as a 
sphere, 122. 

Rainfall and denudation, 79. 

Raised beaches, 269. 

Ramsay, Sir A., 29, 75, 77, 80, 104, 192, 

194, 196, 201, 253, 296, 301, 319. 

Rayenshall, 180. 

Rayado Creek, 51. 

Recurrent causes, 311 ; accumulated 
result of small, 329. 

Red Buttes in North Platte, 4a 

Creek Quartzite, 245. 

Sandstones in troughs of Appala- 

chians, 144. 

Wall and Lodore Groups, 245. 

Reduction of pressure and fluidity, 

268. 

Regional moTement of matter by sedi- 
mentation, and effects of weight on 
the crust, 298. 

subsidence and eleyation, 266- 

274. 
Relation of size of folds and thickness 

of beds, 192. 

of deayage to direction of pressure, 

281. 
Relief, of the Alps, 149. 
Reliefs, comparison of surface, of the 

Earth and the Moon, 128. 

Removal of weight from uprising dis- 
trict, 297. 
Renewing actiyities of the Earth, 255. 



Repose, subterranean forces gathering 
strength during, 248 ; of cUsturbing 
forces prior to Potsdam sandstone, 
171. 

Reserroirs of molten rock in crust fed 
from below, 261, 262. 

Reversed, fault, 177 ; faults of High- 
lands, 135 ; faulting, 295. 

Reversion to immobile geological ideas, 
269, 270. 

Rhffitic, 77, 84 ; and InfrarLias, 322. 

Rhone River, 86. 

Rhume Run overturn, 216. 

Rhynogs, 193. 

Rhyolite, 221. 

Ribbon-like bendings of rocks, 199. 

Richard's Peak, 244. 

Rieketts, Dr. Chas., 177, 298. 

Ridge of Palaeozoics under London 
Basin, 32 ; of Cynicht, 81. 

Ridges, of metamorphic rock in Arkansas 
gorge, 46; structure of, in Basin- 
Raimges, 54 ; monoclinal, in Gt. Basin, 
57. 

Ridgine-up of crust by anticlinal ex- 
pansions of lower beds, 11, 114. 

Rifting of antiolinals, 227. 

Rifts, caused by dykes, where situated in 
crust, 274; caused by earthquakes, 
290. 

Rigidity of rock to resist flexing, 226. 

Rio, de Los Pinos, Piedra, de la Plata, 

de las Animas, 46, 47. 
Rise of temperature, by sedimentation, 

175; effect of, on solid and fluid rock, 

261 ; cause of lateral pressure, 263. 
of isogeotherms, 227 ; effect of, in 

sedimentaries, 326. 

River, Indus, 62, 63, 65; Shayok, 63; 
Y4rkand, 63 ; Brahmaputra, 63 ; Jhe- 
lum, R&vi, Chin&b, 64. 

Rivers : peculiarity of great continental 
rivers, 87 ; great river-systems of Ter- 
tiary origin, 301 ; wear their beds back 
through mountains, 307 ; parallel with 
ranges, 307. 

Roberts- Austen, Prof., 163. 

Rock-dust by crushing of crystalline 
rocks, 161. 

Rocks once expanded cannot resume 
their original form by contraction, 
100. 

Rocky-Mountain plateau and Gt. Basin 
Systems, denudation of, 319. 

system, 40, 308 ; dependence of, on 

2a 



Booky MonntainB, 72, 88, 231,292, 316 ; 

gradual riaa to foot of, 114; deserip- 

tion of BeatioD of, 220 ; upUfU, 119, 

116. 
Bogera, E. D., 34, 38, 42, 141 

, and W. B.,33. 

Eolliag of beds over each otlwr at vwy- 

ing angles, 186. 
Bow Bridge CoUieries, rate of increaaB 

of tomperature at, 1, 2. 
Eudlor, F. W., 2T1. 



L>n.2< 
BuBldn, JohD, 114, 234. 
BuueU, Israel 0., 239, M). 

SADDLES. ISe. 

Sag in faalt, 235, 236. 

SahvAdri Bauge, 61. 

Bt. Ootliacd. 97, 141, 149. 

St. Marb'i, Tenioa, eipBOsioa of muble 
Teneering by auo's heat, 16. 

Salina, 237. 

Salt-Lake Basin, 147. 

Balt-Bange, EuHatd, 62 ; currature of, 
62. 

Salt-veils Oroup, 245. 

San Juan axis in Bockiea, 46. 

Bafael swell. 222, 223, 227. 

Pete ToUej and plaUnu, 237. 

SondetoneB, gritg, shales, representing 
Mtuarine oonditioaa, 320. 

Sangre de Cristo aiii, 44, 45. 

Sapdlo Creek, 48. 

Saakatehewan Birer, Palxozoics near, 
53. 

Bauisure, 141. 

SaioD Citj, 212. 

SoandinBTia, 83, 148 ; Trias of, 322. 

Soar limestone, effects of pcesnire on, 
179. 

Scarped faoes, how formed, 206. 

Scarpa, coutheni, of Tibetan plateau, 63. 

Bohis'odl^, 284. 

8cbiBt^ of Bockiea, 44 ; Anglcaey, 194 ; 
with pebbles of quarti, Ae., 145; of 
Matterbom, 149 ; folding and struc- 
ture of, in Anglesej, 195 ; of Central 
EighUiuU, 284. 



Scotland, dsnndation of «s*t ooaat 
35; North-west, and the Hebric 
315; North-western Highlands, 32 



Sealing-np of Tents and rising heat, 3 
318. 

Seoondary folds in Arohsan racks, !■ 

rocks, former extension ot, on 

Scotland, 36 ; patches o^ 79. 

Baoular refrigeration of the globe, lii 
used up in mouutoiD-builaiu^ II 
supposed effects of, 172. 

, contraction, 297; effect on 1 

Earth's crust explained by diagra 
123; effect on Moon'a surface, IS 
does not explain regional snbsidei 
andaleTation,267; experimental illi 
tration of the effect of, on the Bart 
.crDBt,333. 

Sedgwiek, 281 ; on foliation, 196l 

and Unrchison, 141. 

Sediment, distribution of, in (he j 
Untie, 313. 

Sedimentary aocamolationa, efibet a 
thickness of, 272. 

area, three conditions of the on 

under, 93, 94. 

— — - deposition precedes mounti 
uphenTal, 71, 75; connection wi 
orographic displacement, 72, 76-83. 

— —' deposits, former extensiDD 
83 ; no evidence of any in tlie Mm 
128. 

rocks, form hog-backs in Bocki 

45 ; remOTed from anticlinal by ei 
sion, 56 ; preaerred invalleys, fid- 
Sedimentation, and Boc^-Uounts 
^stem, 43 ; oonneetion with mou 
tain-building, 84, 85; prooeeda 
certain areas for enormous peno> 
86; permanence of areas of| 87, 8 
an exciting cause of Tolcanic acUri' 
95 ; and mountain-building. 283, 2S 
upheaval and subsidence, ^2-299. 

Sediments, depoeited on plicated PaiR 
loies of Bockiss, 4S ; of Alps, 80 ; ht 
they affect the Earth's crust, 89 ; ( 
nuded from Atlanti<^ slope of t 
Appalachians. 159 ; lower beda i 
conform to mOTcments of deep-seat 
rocks, 176. 

Segregations of granite in gnaiM. 141 
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Semilune anticlinal, 294. 

Serrated ridges, 180. 

SeTier fault, 236, 2f)0. 

plateau, 237. 

Shallow water and coal conditions of 
the Carboniferous, 319, 320. 

Shearing, 223; depth to which faults 
shear the crust, 101 ; due to inequality 
of settlement, 102 ; of Archaean rocks, 
147; in wedge-like forms, 328. 

Sheen surface of gneiss, 138. 

Sheets of basalt, 323, 324. 

Shell of compression, 123, 333. 

of contraction, 123, 333. 

Shortening of the Earth's crust under 
mountains, 172. 

Shoving of superficial strata oyer those 
below them, 170. 

Shrinkage of the Earth, 171 ; does not 

account for the plateau uplifts, 225. 
and lateral pressure, 266. 

of granite without fissuring, 182, 

loo. 

Shropshire, 316. 

Siberia, 310. 

Siocan Point, 183, 

Sierra Amarilla, 46. 

Nevada. 63, 64, 252; Triassic of, 

43 ; and Wahsatch systems, 239. 
Sikkim, 66. 

Silurian, 66 ; strata, 63 ; and Cambrian 
sediments, 17; Upper and Lower, 192; 
mountains of Britain, 116 ; areas of 
Britain, absence of terrestrial condi- 
tions accounted for, 87. 

Simla, 64. 

Simple flexure, 209. 

Simplon Pass, 149. 

Simultaneous initiation of folds, 216. 

Sind, 65. 

Sinking of the Earth's crust without 
loading, 266, 267; with loading. 
266. ^^ 

Siwalik Hills, 66. 

Siwaliks at base of Himalayas, 60. 

Skertohly, Mr.. 277. 

Skipton anticlinal, 106, 177-179. 

Slate-quarries at Moel-y-faen, 281. 

Slaty cleavage, and foliation, 278-285 ; 
related to lateral pressure, 278 ; in 
contorted rocks, 279 ; connected with 
relief of pressure, 283 ; at low aneles. 
280, 281 ; what it is, 280. 



Slickenside, parallel with bedding or 
horizontal, 276. 276; accounted for. 
277 ; in Chalk, 277. 

strifiB, nearly parallel with cleavage, 

191 ; in foliated rocks, 196 ; in Angle- 
sey schists, 196 ; on beds in slate-quar- 
ries, 281. 

Sliding of beds on each other in fold- 
ing, ejmerimentel illustration of, 210, 
^11, 331. 

Slow elevations and earthquakes, 291. 

Small anticlinal under Alt Wen, 187, 189. 

changes of temperature in crust 

cause earthquakes, 286 ; accumulated 

result of, 329. 

Smith, W., 74. 

Smith Park, 45. 

Snowdon, 192, 193. 

Snowdonia, 81. 

Snowdonian Range. 194, 202, 263 ; fold- 
ing of ash-beds, 9a 

Snowy Kange, 64. 

Solid spheroid, not incompatible with 
geological facts, 7. 

Solidity and continuity of the Earth's 
crust maintained by compressive ex- 
tension and by wedging, 104. 

Solids, flow of, 165, 166, 167. 

Somersetshire coalfield, 106. 

Sorby, Dr. H. C, 284. 

South America, 66, 67, 68, 69, 70, 73. 
301, 307, 308 ; mean height of, 271 ; 
Cordillera, 274. 

Arkansas, 46. 

Georgia, island of, 301, 302. 

Joggins, 34. 

Mountain, 142. 

Park, 142. 

Platte River, 145. 

Stack, 197, 198, 199. 

Southern gneiss region, rocks originally 
sediments, 144, 

Southwark Bridge, expansion of span- 
drils of, 14, 16. 

Spain, 288. 

Spallanzani, 253. 

Spanish and African seaboards, 313. 

Range, 46. 

Spencer, Prof. J. W., 298, 313. 

Spring, Walthere, 163. 

Squeezing out of matter firom svndinals 
201. 



BUbaHj oleoatiaKat, SIS. 

Bteel, itnogth of, 162. 

Stemiami. Prof. 1. J., H, 18, 4S, 511, 

72,144,145,214. 
fitoooL mod, cnTcl, ke., bow borne, 

308. 
Btnha, in the VooD nliend bf niii»- 

noa, 128 ; from Ibe cooling of ■ 

■phera bom the ataioT, 121. 122; 

lone of Do-tfimiD, l'J5 ; in the Eaith'i 

emit ooDtiDuallj dianging, 286. 
Stntifieatioa foUatimi, 138, 2S4, 285. 
Stretebinf, of orcrfotd*, 211 ; of Kdi- 

mmtary arcbca, £^ 
etrUG on fault, 18S, 190; 



. h,™g diT. 






185 ; on ■jDcliul, 
Btrike-tiuilta, 99. 
Strike, of bedi betweoi Cmnnam and 

BuU B&ji, ll», I9R; deAeoted t? 

granite intnuioa, 182 
Stnictare and age of the Bodj-Hotm- 

tain iTiteiii, 44-47. 
netioni tbroo^ the High Fla- 

tnni of Utah, 228. 
Stnder, Prof., W. 
Subaerial waate of Ontaeeona conliiieiit. 



Sub-Oarbonireroua, 36. 

Bub-folda, initiBtion of, 216. 

Submarine Deltaa, 89, 313. 

TertiaT7. 308. 

Bubmergnl regetalion, 269. 

SubmeraioD during Qlacial period, 
79. 

Subaidenoe, 08; rate of, compared with 
Red i men tat ion, 85; greatest in areas 
flanking mountain-ranfea, 252; and 
loading, 203. 

BubaidenoM. 306, 310; and eleratloni 
during laying down of aedimenta, 
80. 

Sublerranran energiea, aet b; luccewiTe 
compreeaiona and uplifts, 09; dia- 
plaj of, in N. Britain, 318 ; in Ter- 
tiary in Britain, 324. 

ridge, 177. 

Buiueaaion of geologiod erenta in Ame- 



SolMBin Range, es: 
Bolphata of barium, 276. 
Sulphur Crwk and Heoij'a 
groups 345. 
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Snrface roda, act a 

temperature, 295. 
Sutherland, Upper Jon 
Switzerland. 63, M, 96. 
SjeniCe granite, 146. 
Symmetrical folding*, 

gneiw, 142. 
Synclinal axis ■nnoaa. 214. 

at Whcelwn Bock quarry, ITS. 

ODDcaiitiea ard anticlinal oonTci 

ties, 205. 
trough, ondulatioo of bottom < 

205; canoe-ahaped. 211, 212; wil 

ninur antidinal and lyTKlinaJ axi 

Unea, 18J. 
Syndinala. of gneiaa grinping Mraoui 

rtrata, 159; inTerted dame^ I7t 

hollowed out by denudation, 188. 
Syria, 288. 



TANQENTIAL compreeeion. the depi 
at wbieh ii would begin in the era 
of a ahrioking globe, 125. 

Blrew of Euih'e cnut, 163. 

Taylor. W. B., on eomprnaion of tl 
Earth's crust 1^ loaa of rotaliom 
Telocity, 131. 

Temperature of the Earth'a eruat, ji 
crettsea with deptb, 1 , rate nriabl 
both in time and place, 3; crust n 
apondalointemalcbangeaof.S; dept 
at which temperature of molten roe 
is reached, 5; aferage rate of in 
crease, 6. 

. riae of, in mountain-huildir 

greater than that due to the rise c 
the isogeolherma by wdiinentatiol 
01 ; effect of ordinary changea of, o 
stone. 112; to which Arclueaa roc) 
may haxe been subJM^ed, 151 ; [ 
aolidifloation of the globe, 12u. 

Temple of Jupiter Scrapie, 89. 

Tenoeasee Credt, 46. 
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Tensile, fractures gire ingress to denu- 
ding agents, 99; strength of rock, 
100; strains of surface rocks, 295; 
strength of Earth's crust small, 329. 

Tension, caused by a oompressiTe force, 
169; at anticlinals, 108; in bending 
of rock, 210 ; of upper beds, experi- 
mental illustrations of, 331, 332, 333 ; 
upper strata in a state of, 326. 

Tension-flexures, 223, 226, 227. 

Tension-space, 217. 

Tertiary, 66, 73, 221, 222, 223, 229, 
231, 238, 250, 302 ; of N. America, 
319. 

deposition following Cretaceous 

upheayal, 72. 

period, yegetation of, 85; 

Britain, 323, 324. 

rocks in ridges at foot of Hima 



in 



layas, 65. 

rocks and earthquakes, 288. 



Theories of Tolcanic action, weak points 
of, 263, 264. 

Thickening of beds by pressure, 155, 
199. 

Thickness of rocks, in Peninsular India, 
65; composing the Alps, 84; of 
Archaean rocks of the Rockies, 152. 

Thin beds much folded, 192. 

Thinness of the Earth's crust, 267. 

ThinninfiT, of beds by pressure, 177, 199 ; 
of arches by detrusive action, 176. 

Thomson, Sir W., 6, 120. 

Thousand-Lake fault, 236. 

Thrust-planes, 135. 

Thurstaston, horizontal slickensides at, 
275. 

Tibetan plateau, 63, 64. 

Tierra del Fuego, 70, 293. 

Tilting of anticlinals and synclinals, 
213. 

Time, an element in the bending and 
flowing of rock, 210; requir^ for 
mountain-building, 3(»3-305, 329. 

Tithonian strata, 84. 

Tongues of gneiss, 143; of crystalline 
rocks, 173 ; and cores of crystalline 
rocks, 168. 

Torsion, Archaean rocks affected by, 140 ; 
of rooks, 198. 

Totten, Col, HI, 112. 

Town Greeifi Lancashire, 276. 

Trachyte, 248 ; OTerflowB,51 ; Tolcanoes 
pouring out floods of, 249. 



Transference of material in expanding, 

327. 
Transfusion by pressure, 163. 

Transition from bedded to structureless 
rocks, 146. 

Trawsfynydd, 193. 

Tree-ferns. 322. 

Trees, Tertically embedded in strata, 
68. 

Tremor, crust in a state of, 286. 

Trend of coast-line and strike of rocks^ 
184. 

Tres Montes, 67. 

Tresca, H., 209 ; on the flow of solids^ 
165 ; period of perfect elasticity, 
166 ; period of deformation without 
limit, 167. 

Triangles of equal area and folding, 

217. 
Trias, 231; British, 86; Lower and 

Upper, 223, 224; Jura, 234; of 

Scandinaria and Western Highlands, 

322. 

Triassic, 229, 292, 305; rocks, 31; of 
Rockies, 43; of Sierra Nevada, &o., 
43; strata, 84; beds, when flexed, 
322 ; sandstone, 276. 

period, 77, 79, 80, 84. 

Trough fault, 101 ; of Clyde valley, 35, 

77. 
Troughs of sedimentary rocks included 

in gneiss, 137. 
Tumefaction, sustains continents, 299. 

Twisting and recontortion of Archaean 

rocks, 160. 
Twists and conTolutions in strata, 

Silurian example explains Archaean, 

189. 

Two-period displacements, 251. 
Types of mountain structure, 242. 



UINTA mountains, 43, 55, 68, 145, 
221, 222, 242-247 ; estimated uplift, 
243; structure sections through, 244 ; 
thickness of strata of^ 245 ; discussion 
of uplia. 246, 247 ; effect of denuda- 
tion of, 298. 

form of anticlinal, 328. 

group, 245. 

sandstone, 246. 

Unconformity, 46, 76; between Archaean 
and sedimentaries of the Rockies, 147 ; 
between Archaean and all other sedi- 
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